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An analysis of experimental data on the influence of native defects of the crystalline lattice on
polytypism in silicon carbide has been performed. A simple analytical expression, which

links the degree of hexagonality of the polytype with the concentration of carbon and silicon
vacancies, was obtained. The possible dependence of the model parameters on the
experimental conditions is investigated. 99 American Institute of Physics.
[S1063-7828900107-9

INTRODUCTION (D), which is defined as the ratio of the number of atoms at

. . . . hexagonal sites to the total number of atoms per unit cell,
It is well known that the term “silicon carbide” includes 9 P

in fact an entire class of semiconductor compounds since SIC  D=N,/(Np+N,).

is able to crystallize in various modifications known as poly- )

types. SIC polytypes with the same chemical composition A Study of SiC growth processes has shown that tem-
can differ significantly in their electrical properties; for ex- Perature exerts only a weak effect on the structure of SiC. It

ample, their band gaps() are found within the range from turns out that the crystal structure o_f the growing pqutype
2.4 eV (3C-SiC) to 3.3 eV (H-SiC). All this makes silicon depends much more strongly on the impurity composition of

carbide a promising material from the point of view of cre- th? growth zone. In Refs. 4-6 it was found that when impu—
ating different types of heterostructures. rities were added to the growth zone of the SiC layers, it was
However, there is now no generally accepted theory 0possible to obtain epitaxial films having a different poI_ytype
polytypism in SiC, although a large body of experimentalth,an thgt of the substrate. It was also found thqt varying the
data has accumulated on the dependence of various prope!C ratio in the growth zone has a substantial effect on
ties of SiC on the structure of the polytype. In our study weN€tEropolytypic epitaxy. Increasing the Si concentration, for
have made an effort, on the basis of the available experimergX@MPple, leads to an increase in the probability for the for-
tal data, to obtain an analytical expression relating the stoMation of X-SiC or other polytypes with a low degree of

ichiometry of the polytype with its degree of hexagonality. hexagonality. 6 )
Vodakov et al.° demonstrated a link between the pro-

cesses of heteropolytypic epitaxy and the stoichiometric
composition of the various polytypes of SiC. Earlier it was
shown that the Si/C ratio is not constant in all SiC
All of the known polytypes of silicon carbide crystallize polytypes—it decreases with increasing degree of hexago-
according to the laws of dense spherical packing and argeality and is equal to 1.046, 1.022, and 1.001 for the poly-
binary structures composed of identical layers that differ intypes &, 6H, and 4H, respectively. Data considered in
the order of their arrangemefdubic or hexagonal layeand  Ref. 6 on diffusion and solubility of impurities in various
in the number of layers per unit cell. Polytypes are usuallySiC polytypes also point to different concentrations of the
characterized using the Ramsdell notatiavhich consists of  carbon vacancie¥.
a natural number equal to the number of layers per period in  Vodakov et al® explained the observed dependence by
the direction perpendicular to the base plane, and an alphauggesting that bonds between the atoms at cubic sites be-
betical character which characterizes the symmetry system @ome energetically more favorable as a result of an increase
the Bravais latticeC — cubic, H — hexagonal, andR — in strains in the lattice due to the growth of the concentration
rhombohedral. Only in two SiC polytypes are the positionsof carbon vacancies. This then leads to a change in the struc-
of all the atoms equivalent and correspond either to cubiture of the crystal and a transformation of the polytype.
(3C-SiC) or hexagonal (BI-SiC) sites of the crystalline lat- Thus, the influence of doping on heteropolytypic epitaxy can
tice (see, e.g., Ref.)2 In all the remaining polytypes the be explained by asserting that by introducing impurities that
atoms can be found at both types of sites and the polytypesccupy carbon sites we decrease the concentration of carbon
differ as to the number of atoms at the hexagom|)(and  vacancies and stimulate growth of epitaxial films having a
cubic (N,) sites of the lattice. Therefore, to characterize thegreater degree of hexagonality than the substrate. Upon in-
polytypes it is convenient to use the degree of hexagonalitytroduction of impurities that occupy silicon sites, we increase

ANALYSIS OF THE EXPERIMENTAL DATA
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TABLE I. Values of[Vg], [Vc], andD for various polytypes of SiC.

Polytype
Row
No. Parameter 4 27R 15R 6H 8H 3C Remarks
1 Dy, 0.5 0.44 0.4 0.33 0.25 0 Refs. 2 and 3
2 [Vs], 1P em™2 7.3 6 5 4 3 2 Ref. 7x-ray data
3 [Vc], 100 cm™2 73 10 12 14 16.6 235
4 [Vcl/[Ve.an] 1 1.37 1.64 1.92 2.27 3.22
5 [Vcl/[Vean] 1 1.2 1.8 2 3.2 4.5 Ref. 6, boron diffusion
6 [Vl [Vean] 1 1.2 2.6 3 3.6 6.5 Ref. 6, boron solubility
7 [Vl [Ve.an] 1 1.8 2 2.9 4.2 Ref. 6, nitrogen solubility
8 {[Vcl/[Veanllaw 1 1.26 2.07 2.23 3.0 4.6
9 [VE],1P°em® 7.3 92 151 163 219 336
10 D carc 0.5 0.46 0.36 0.33 0.24 0.06 formu(d)

the concentration of carbon vacancies resulting in growth oMODEL
films with a lower degree of hexagonality than the substrate.
The possibility of heteropolytypic epitaxy of SiC shows also
that the composition of the growth zofiee., the concentra-
tions of silicon and carbon vacancigg; andV) has a much
greater influence on the crystal structure of the growing laye
than the polytype of the substrate.

Let us now consider the data in the literature on the  Ny=aN, Ny=(1—a)N, (1)

stoichiometric composition of various polytypes of SiC. BY \yhereN is the total number of atoms per unit volume.
comparing the density of SiC samples determined by x-ray \ye 150 take into account the experimental data pre-

analysis and in the usual way Soroldhal.” determined the ot above which indicate that the concentration of carbon
absolute values of the concentrations of the silicon and carzn g gjlicon vacancies has a fundamental influence on the
bon vacancie®/s; and V¢ in various polytypes of ?G;see crystal structure of the growing layer. We assume that the
Table |, rows 2 and 3, respectivelyvodakovet al’ mea-  jnhearance of one carbon vacancy leads to the resulBthat

sured the coefficients of boron diffusio®) and also the neighboring atoms can be found only at cubic lattice sites

solubility of boron and nitrogenGg and Cy) |n the same and, correspondingly, in the case of the appearance of a sili-
polytypes. They concluded that these quantities are propofs,, vacancy thag,, neighboring atoms can be found only at

tional to [V¢] and that it is possible to judge the relative hexagonal lattice sites. For simplicity we assume tBat
change in[V¢] from their relative variation. Therefore, to = B,= . We can then write expressidh) in the form
average all the available data in the literature it is convenient

to use the relative concentration of the carbon vacancies Nk=pB[Vcl+a[N—(8+1L)([Vc]+[Vsl],

[Vcl/[Ve.anl, i-e., the ratio of the concentration of the car- Ne=BIValt (1— a)N=( B+ 1)Val+ Ve 2
bon vacancies in the given polytydd/c], to the concentra- n=AlVsil ( a)[. (B+1( .C] Vsl 2
tion of the carbon vacancies in théd4polytype. Using the ~We can thus easily obtain an expression Bor

data of Ref. 6, we can write D={B[Vsi+(1-a)[N=(B+1)([Vcl+[Vs]) I/
[Vcl/[Vcan]=Dg/Dg 4y~Cg/Cpgan~Cn/Cpoap - [N=([Vc]+[Vs])]. 3

The values of Vcl/[ V4] calculated using all the experi- Let us now determine the parameters needed for the cal-

mente}l data are I|st_ed in rows 4—7 of the table. Taking all the ulation. From the known value of the density of S&21
experimental data into account, we found the mean value oéu

the relati tration of th b . ing th /cnt) we obtainN=9.6x 1072 To determinex we substi-
e relative concentration of the carbon vacancies using thig e vales ofvo], [Vs], andD for 4H-SIC in Eq.(3)

formu_la {[VCJ/[VC"‘H]}a":uli)Z(Wd/[VC"‘HJ)i . Where .14 obtaina=0.5. To determine the value @ we use the
i=4 is the total number of employed experimental depen-

. values of the same parameters foH-&iC and obtaing

dences. Next We*calculated the absolute value, Usifagi] =25.5. The values oD calculated using these values @f
from. Ref. 7 ai‘{vc]:[VC"‘H]{[V.C]/[VC"‘H]}E“" The values and g are listed in the table.
obtained in this way are given in row 9.

As can be seen from the table, there is good agreemerp)tISCUSSION
between the values ¢V :]/[Vc.4n] Obtained in Refs. 6 and
7. Nevertheless, the authors of Ref. 6 noted that the absolute As can be seen from the table, a fair agreement is ob-
concentration of electrically active vacancies in SiC can beserved between the calculated and experimental values. To
less than that obtained in Ref. 7. According to their assumpéevelop the proposed model further, it is important to ask
tions, a large fraction of the vacancies are joined togethewhether the coefficienta and 8 are constant under various
into electrically inactive clusters® conditions of the experiment and whether they depen®on

We will attempt to formalize the model proposed in Ref.
6. We consider a growing layer of SiC as a set of atoms,
which, with some probability4¢) can become attached to the
cubic sites of the crystalline lattice. We can then write the
humber of cubic and hexagonal sites in the form
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In our opinion, the parameter should be affected by ther- fore, for a more complete description of processes of het-
modynamic factorgpressure, temperatyr@hich govern mi-  eropolytypic transformation of SiC it is necessary to have
gration of atoms in the growth zone, and also by the orienexperimental data on the stoichiometry of samples of the
tation and polytype of the substrate. We may quite logicallygiven type.
assume that aB decreasesy will increase. This may have
to do with the fact that in polytypes with smdll the con-  ~oncLUSIONS
centration of carbon vacancies increases, and along with it
the number of atoms for which a lattice site has been deter- The analysis which we conducted here does not give a
mined. Thus, a growing number of neighboring atoms willcomplete description of the polytypism of SiC, but is instead
occupy cubic sites, which can lead to a lowering of the problargely a generalization of the experimental data obtained
ability of incorporation into a hexagonal site of an atom notPreviously. It does, however, clarify the possible directions
associated with a carbon vacancy, i.e., an increase in of further experimental and theoretical study of this problem
On the other hand, as the concentration of carbon vacard? Silicon carbide. Since the study of polytypism is also im-
cies increases, the influence of individual vacancies willPortant for some other wide-band semiconductt@aN,
overlap, a coalescence of vacancies into complexes becom@§Se, and Zng the method outlined by us here can have a
possible, and the effective value Bfmay decrease. Thus, in Wide application upon its development.
the case of our calculationg( const, @=const) actual This work was carried out with the partial support of the
changes i3 anda asD—0 will cancel out. University of Arizona.
Note that the maximum discrepancy between the theo-
retical value$® of D (Dy,) and the values calculated accord- 1. s. Ramsdell, Am. Minerai32, 64 (1947).
ing to formula (3) (D¢yd was nonetheless obtained for 2H. K. Henisch and R. RoySilicon Carbide—1968Pergamon Press, Ox-

3C-SiC. This possibly has to do with the fact that formation 3{:’V%A;zgginsk“ Acta Crystalloge, 201 (1649

of a 3C pontype corresponds to a pha§e tra_nSition betVveemYu. Vakhner and Yu. M. Tairov, Fiz. Tverd. Telaeningrad 12, 1543

the hexagonal and cubic structure of SiC. It is probable that (1970 [Sov. Phys. Solid Staté2, 1213(1970].

for D~O0 it is necessary to estimate the nature of the varia-°Yu. A. Vﬁdak% E. N Mo:(hové ?- Dh RO;nkovy and M-( M. g]nikin,

; o ; Pis'ma Zh. Tekh. Fiz5, 367 (1979 [Tech. Phys. Lett5, 147 (1979].

tion of a and'B’ taklng Into account_results of percolatlon 5Yu. A. Vodakov, G. A. Lomakina, and E. N. Mokhov, Fiz. Tverd. Tela

theory, as was done in order to e;t_|mate the parameters ofi eningrag 24, 1377(1982 [Sov. Phys. Solid Stat24, 780 (1982].

ferromagnets near the phase transition pdifit. N. D. Sorokin, Yu. M. Tairov, V. F. Tsvetkov, and M. A. Chernov, Kris-
It should also be borne in mind that the experimental allografiya2s, 910(1983 [Sov. Phys. Crystallogi2g, 539 (1983].

data presented in Refs. 6 and 7 were obtained mainly onYllggg' Vodakov and E. N. Mokhov, Inst. Phys. Conf. Sag7, 197

samples of SiC grown by the Lely method at high tempera-o. F. shender, zh.I&p. Teor. Fiz70, 2251(1976 [Sov. Phys. JETR3,

tures (~2500°C). It is well known that SiC samples ob- 1174(1976].

tained at lower temperatures~@000°C, modified Lely 0B, |. Shklovski and A. L. Efros,Electronic Properties of Doped Semi-

method possess lower structural perfection, having a high conductrsiSpringer-verlag, New York, 1984

density of dislocations and other kinds of inclusions. There-Translated by Paul F. Schippnick
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Mossbauer emission spectroscopy on the isofdp&e(*1°"Sn) is used to identify tin impurity
centers in PbTe and PbS lattices. Using the emission variant eshMaier spectroscopy

makes it possible to stabilize the tin impurity atoms in the anion sublattice, i.e., to obtain
antistructural defects. The charge state of the tin impurity atoms displaced from the

anion sublattice is found to depend on the position of the Fermi level19@9 American
Institute of Physicg.S1063-782809)00207-7

In this paper we present the results of experimental obtransitions or by emission of Auger electrons, which gives
servation of tin atoms which enter into the makeup of anti-rise to a spectrum of charges of the tin daughter ions. The
structural defects in PbTe-type compounds. For this purposenized atom can be displaced from its normal lattice site,
we used the emission variant of skbauer spectroscopy on and the emission of an antineutrino as a result of electron
the isotope**"Te(*'9Sn), which allowed us to stabilize the capture transfers a recoil energy to the atom, which is also
tin impurity atoms at foreign sites after a chain of radioactiveconducive for the appearance of displaced tin atoms.
decays of the mother nucl&i. An analysis of numerous Mwsbauer studies of after-

We obtained the isotope’®™Te via the reaction effects of nuclear conversions shows that the daughter atom
1SN (a,2n)1Te. To separate the carrier-freE®™Te  undergoes a transition to a stable charge state in a time less
sample we used the procedure of anion exchangesshluer than several picoseconds. In other words, only the final
sources were prepared by alloying samples of PbS or PbTghapes of stabilization of the daughter atoms appear in the
with the carrier-freé**"Te sample so that the concentration Mossbauer emission spectra. The probability for the appear-
of Sb impurity atoms formed after the decay '8f"Te did  ance of displaced atoms depends on the ratio of the recoil
not exceed 18 cm™ 3. The initial samples wera-type (with energy of the daughter nucleks to the threshold energy of
an excess of lead, carrier concentration 108 cm™3) and
p-type (with a chalcogen excess, carrier concentration
p~10¥ cm3).

Mossbauer spectra 8t Te(*19"Sn) were measured on
an SM-2201 commercial spectrometer at 80 K with CagnO
absorber(tin surface density 5 mgm 2). The spectrum
with such an absorber and a’¢¥'SnQ, source turned out to
be a single line with a full width at half-maximuii=0.79
+0.01 mm/s, which we assumed to be the instrument width
of the spectral line. Typical spectra of Pb8"Te and
P Te samples are shown in Figs. 1 and 2, and results of
data reduction of the spectra are listed in Table I.

It can be seen that the experimental spectra ohthgpe
samples consist of a superposition of two lines: an intense
line (spectrum 1, the isomeric shift is due t{&"Srf) and a
less intense lindspectrum Il, the isomeric shift is due to
1IMg?+). The emission spectra of thetype samples also
consist of a superposition of two lines. Fottype PbTe the
experimental spectrum is analogous to the spectrum for
n-type PbTe whereas the spectrum fetype PbS, in addi-
tion to the intense line I, also contains a less intense line llI
(the isomeric shift is due t&'"Srf").

The source of the Mssbauery rays for measuring these 0 2 4 6
spectra was th&'®"Sn nucleus formed after electron capture v, mm/s
(EC) at the outset in th&**"Te nucleus, and then in tH&Sh FIG. 1. Méssbauer emission spectra’®f"Te(*1®"Sn) at 80 K ofn-PbS(a)
nucleus(see the inset in Fig.)1An excited dath_ter atom is and.n-IIDbTe(b). The experimen'taal spectra are broken down into components
formed as a result of electron capture from the inner shell 0forresponding t319"sr and"Sr?* . The inset shows a decay diagram of
the mother atom. Its excitation is removed either by radiativé!*Te and**°sb.

Relative count rate
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FIG. 2. Méssbauer emission spectra’of"Te(*1%"Sn) at 80 K ofp-PbS(a)
andp-PbTe(b). The experimental spectra are broken down into component
corresponding td*¥"SrP, 11MS2t and St

displacement of the atonts;=25 eV. To estimate the pos-
sibility of displacement of daughter atoms from their normal
lattice sites due to the recoil energy, we calculated the max
mum recoil energy for the probe nuclet’S"Sn: the decay
1Te ,119%h is accompanied by the recoil enerdg
=1.4 eV, and the deca}**Sb—''9"Sn is accompanied by
the recoil energyEg=24 eV. The significant value of the
second recoil energy gives reason to expect in thesdauer
emission spectra on**"Te(*'®Sn) in PbS and PbTe
samples the appearance of lines dué8'Sn atoms at the
anion sites, and lines due fd°"Sn atoms displaced from
these sites.

On the basis of the isomeric shifts, spectrum | corre-

sponds to tin daughter atoms having only méledhd atoms

Masterov et al. 711

TABLE |. Parameters of Mssbauer emission spectra 6f"Te(***"Sn) in
PbS and PbTe at 80 K.

Compound, Type IS, r, S
conductivity type of spectrum Center mm/s mm/s %
n-PbS I Hangp 2.35 1.34 85
I g+ 3.72 1.45 15
n-PbTe I Hangp 2.31 1.32 90
I g+ 3.42 1.41 10
p-PbS I nangp 2.34 1.36 87
I g+ 1.25 1.46 13
p-PbTe I nangp 2.30 1.33 88
I uamgPt 341 1.40 12
Error +0.01 =*=0.02 =*2

Note IS — isomeric shift relative to CaSnQ 1" — full width of the spec-
trum at half-maximumsS — area under spectrum.

tellurium sites. The isomeric shifts of spectra Il and Il are
typical for chalcogenides of bivalent and tetravalent tin, in
which only chalcogenide atoms are found in the immediate
vicinity of the tin atoms, and consequently these spectra cor-
respond to tin daughter atoms2¥"S?* (spectrum 1) and
g+ (spectrum 1), which arise after the decay of the
1T~ mother atoms and which are displaced due to the

SrecoiI energy from the anion and cation lattice sites, thereby

forming isoelectronic substitution impurities.

According to Ref. 2, an isoelectronic tin impurity in PbS
is electrically active and plays the role of a two-electron
donor. This explains the dependence of the isomeric shift of
the spectrum we observed for such centers on the conductiv-

ity type of the material: im-type samples spectrum Il is due

to a neutral state of the donor centét{'Sr?*), and in
p-type samples spectrum Il is due to the doubly ionized
state $*Srf*). In a PbTe lattice, an isoelectronic tin im-
purity is electrically inactivé, and this is confirmed by the
absence, according to our observations, of a dependence of
the isomeric shift due to these centers on the position of the
Fermi level.

1p. P. Seregin and P. V. NistiryuRpplication of the Mesbauer Effect and
Photoelectron Spectroscopy in the Physics of Amorphous Semiconductors
[in Russian, Kishinev, Siinta, 1991.

in their immediate environment. This means that it can be?V. F. Masterov, F. S. Nasredinov, S. A. Nemov, and P. P. Seregin, Fiz.

attributed to™®"SrP centers which are formed after the de-
cay of the™Te?~ mother atoms and which remain at the

Tekh. Poluprovodn31, 291 (1997 [Semiconductor81, 302 (1997].

Translated by Paul F. Schippnick
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The possibility of nuclear doping of indium antimonide over a wide range of concentrations
(5x 10"—10*® cm™3) by irradiation with reactor neutrons is investigated; the effect of

irradiation and subsequent heat treatments on the electrical parameters of the material is
investigated. A comparative analysis of the quality of nuclear-doped and conventional InSb is used
to demonstrate the possibility of the practical use of this nuclear-doped material.

© 1999 American Institute of Physidss1063-782809)00307-3

The nuclear doping method applied to semiconductorl.5—-2 mm, grown by the Czochralski method.
materials has found wide application worldwide for silicon Irradiation was performed in vertical chambers of a
and to a lesser degree for germanium and some IlII-WVR reactor at a temperatuie<70°C. We used two types
compounds. The possibilities of nuclear doping of indium of channels: channels in the reactor core with a slow-neutron
antimonide were demonstrated in the 1980% compara-  flux densityp~5x 10 cm 2-s™* and ratio of slow to fast
tive study of the electrical properties of InSb irradiated by(E>0.1 MeV) neutron flux densitiess/¢;~1, and chan-
electrons, H ions, and reactor neutrons during nuclear dop-nels at the core periphery, whege~1.3x 102 cm 2.5 1,
ing was reported in Ref. 4. However, there are no data in theg/¢;~2.
literature on nuclear doping of indium antimonide as a prac- As is well known, when slow neutrons interact with at-
tically realizable method. oms of matter, nuclear reactions take place with the forma-

In this paper we report the results of an experimentation of unstable isotopes which with time undergadecay.
study of the possibility of nuclear doping of indium anti- As a result, atoms having atomic number one greater than the
monide over a wide range of concentrations fran¥5  atoms of the irradiated material are formed. These atoms are
X 10" to n~10* cm™2 by irradiation with thermalslow)  the dopant impurities for the parent matefialable | lists
reactor neutrons, investigate the effect of irradiation and subthe main products ofr(,y) nuclear reactions initiated by
sequent heat treatments on the electrical characteristics of tlsow neutrons in indium antimonide. Since the absorption
material, and present a comparative analysis of the quality afross section of the slow neutrons for the main isotope of
nuclear-doped indium antimonid&DIA) and indium anti- indium In'!® (=200 barny is much greater than for anti-

monide doped metallurgically during growth. mony, the final product of nuclear doping in indium anti-
As the starting material we used undoped InSb wafersnonide, as in InAs and InP, is primarily tin atoms.
and wafers doped with tellurium to a concentratios 1.6 The large absorption cross section of'ftgives rise to a

X 10* cm™2 having a diameter of 30 to %0m and thickness strong self-screening of InSb samples during irradiation. The

TABLE |. Products ofn,y nuclear reactions in InSh.

Slow neutron Efficiency of Total
Isotope absorption cross nuclear doping Reaction products reaction
Element Isotope content, % section, barns Half-life Ny /Fs (fractional amount product
In Natural 196-10
Int*3 4.23 5812 50.1 da 3.810°2 Snt'4(0.980 Tin (97.50%,
Ccd'*4(0.010 tellurium (1.629%,
Int%® 95.77 20020 54 min 2.8 SH®(1.000 cadmium(0.01%,
Sb Natural 5510 other elements
Skt 57.25 5.70.5 2.8 da 4.810 2 Te'?%0.969 (0.87%
Sp® 42.75 3.9-0.3 21 min 25102 Te'?40.03)

1063-7826/99/33(7)/4/$15.00 712 © 1999 American Institute of Physics
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slow-neutron flux density falls by a factor ofelat a distance 18
of 1.4 mm, and indium is characterized by resonance absorf
tion of neutrons with energy 1.46 eV with an absorption
cross section equal to 22L0* barns. Resonance neutrons 0"
are strongly absorbed by the InSb surface and their densit

falls by a factor of 1¢ at a depth on the order of several =

) 16
microns; therefore, in order to eliminate the influence of € 70

resonance neutrons, either the InSb samples were wrapped ;
indium foil or they were shaved on both sides to a depth of R 55
about 3Qwm after irradiation. Another peculiarity of indium- S
containing compounds is strong absorption of epitherma
neutrons by indium atoms, leading to additional doping of
the materiaf’

To calculate the tin concentration due to nuclear reac

tions initiated by slow neutrons, we used the formula 7073‘

ol ins M /(V-5)

Nsp=NoKoFs, (1)

where N, is the number of atoms of the material per unit FIG. 1. Depen_dence of the concentratigp and mobility u;, of the ma_\j_or-
volume, K is the percent content of the isotope, is the ity charge carriers on the s_Iow neutron qu@orqub samplegthe initial

. . . values ofn and u are indicated on the two vertical aye§he numbers
absorption cross secthn of the SlOYV neUt.rdﬁsSlS the slow- assigned to the symbols in the figures correspond to the numbers of the
neutron flux. A theoretical calculation using formylB and  samples in Table II.
the data of Table | gives a value of the efficiency of nuclear
doping (Ng,/Fs) in indium antimonide equal to about 2.8.
Our experimental results indicate that the irradiated sampleSigher than the concentration of the initial impurities with
of InSb should be stored for a time varying from 4—6 tothe aim of reducing the influence of the latter on the proper-
12—-24 months, depending on the neutron flux, for the inties of the nuclear-doped material.

duced radioactivity to fall to an acceptable level. Figure 1 plots the dependence of the concentration and
The electrical properties of irradiated InSb are deter-mobility of the charge carriers in the InSb samples listed in
mined chiefly by three parameters: Table 1l on the slow-neutron flux. As can be seen, the
— the initial concentration of impurities and growth de- charge-carrier concentration increases monotonically with
fects; increasing neutron flux and, in contrast to other semiconduc-
— the concentration of impurities introduced into InSb astors (GaAs, InP; Refs. 5 and)6no decrease in the charge-
a result of nuclear reactions initiated by slow neutrons; carrier concentration is observed, nor any conversion of the

— radiation defects formed in InSb during irradiation. conductivity typen—p. This indicates that irradiation by
The slow-neutron fluxes were chosen in such a way thateactor neutrons introduces primariytype impurity levels
the concentration of the impurities introduced as a result ointo the InSb samples, in good agreement with calculations

nuclear transmutations would be not less than 3-5 timesf the limiting position of the Fermi level in strongly irradi-

TABLE Il. Properties of initial and nuclear-doped samples of indium antimonide.

Sample n, “, Fs, N™, NEs, N Nia Mia s
number 16 cm3 10° c?/(V - 9) 10 cm2 10 cm2 10 cm 3 10 cm 3 10% cm2 10* c?/(V - 5)
1 0.10 4.00 0.03 0.09 0.05 0.05 39.0

2 0.15 3.76 4.80 13.6 8.60 10 5.00
3 0.15 3.76 43.20 122.7 113.6 54.0 100 1.70
4 0.16 0.05 0.03 0.07 0.02 0.05 17.0
5 0.75 6.50 0.50 1.42 0.90 0.81 13.5

6 1.20 6.50 0.05 0.14 0.08 0.12 26.5

7 1.50 6.00 0.05 0.14 0.10 0.11 28.0

8 1.70 6.14 0.20 0.57 0.18 0.52 17.2

9 3.10 4.70 0.42 1.20 2.10 0.54 0.90 12.0
10 3.10 4.70 4.80 13.6 9.10 10 5.00
11 3.10 4.70 43.2 122.7 45.0 20 2.00
12 16.0 2.80 4.80 13.6 13.0 17 4.00
13 16.0 2.90 43.2 122.7 43.0 100 1.50

Note n,u — initial values of the electron concentration and mobility;— electron concentration after irradiatiam, andu;, — concentration and mobility
after irradiation and annealing @t=450° for 20 min;F; — unperturbed flux of slow neutronst" — calculated concentration of introduced impurifgr
unperturbed=,); N — concentration of introduced impurign) from the chemical-spectral analysis data.



714 Semiconductors 33 (7), July 1999 Kolin et al.

L e o’ [

17

0 o > i
o P 5| — o ﬁ%——o—.
1 173 70
E n® . A = o
5 ~
3 A
R 19"} 3 5
)
o.—-—o——-—’o/o/H 3.7
1%
107 ey
l AZ o § A2 o 4
1013 | b 1 ] ] 5 A3 e 5§
0 100 200 300 400 500 10 | l t ! 1
T,°C ) 100 200 J00 400 500

T,°C
FIG. 2. Dependence of the concentration of the majority charge carriers on
the temperature of isochronous anneal for InSb samples irradiated by diffefFIG. 3. Dependence of the concentration of the majority charge carriers on
ent fluxes of the total spectrum of reactor neutr¢ihs initial concentrations ~ the temperature of isochronous anneal for InSb samples irradiated by differ-
are indicated on the vertical axisThe numbers assigned to the symbols ent fluxes of the total spectrum of reactor neutr@the initial concentrations
correspond to the numbers of the symbols in Table II. are indicated on the vertical axisThe numbers assigned to the symbols
correspond to the numbers of the symbols in Table II.

ated semiconductofsThe mobility of the charge carriers ) .

decreases as the neutron flux is increased, due to an increddenigher neutron fluxes and consequently higher charge-
in the concentration of the impurity and the number of radia-carrier concentranons,_ radlatlon_defects, which are removed
tion defects. by heat treatmenfconsider the difference between cundes

With the aim of revealing the mechanisms for the for- a}ndZ), make a prpgressively Iar.ger contribution to t_he varia-
mation and annealing of radiation defects, we performed af{on Of the mobility. A comparison of the theoretical and
isochronous anneal of the irradiated samples for 20 min ifXPerimental dependences testifies to the high quality of
the temperature interval from 100 to 480 °C. An analysis offucléar-doped InSb, in particular, at high doping levels,
the results makes it possible to distinguish the influence ofVhich are difficult to attain metallurgically. The data on the
the impurities formed as a result of the nuclear transmuta-
tions from the influence of the introduced radiation defects
on the electrical properties of InSb. 0t

Figures 2 and 3 plot the dependence of the concentration
and mobility of the charge carriers on the temperature of
isochronous anneal for InSb samples with different initial
charge-carrier concentrations. As can be seen, isochronous
annealing does not lead to significant changes in the electri-
cal parameters of irradiated InSh. The charge-carrier concen-
tration after irradiation and the corresponding heat treatments
remains essentially the same; i.e., almost all the impurity
introduced by nuclear doping is found in the material in the
electrically active state, which can be explained by the nar-
row band gap of indium antimonid@®.18 e\j.

Small changes in the concentration and mobility of the
charge carriers during heat treatment are observed at low and
high doping levels. This is apparently due to the predominant 7
influence of radiation defects in comparison with the influ- 10 ',3 e F X7 10'17 m‘ﬁ
ence of the introduced impurity at the given doping levels. 0 0 nn;‘ n70 om?
At annealing temperatures greater than 450 °C the charge- i tar
carrier concentration and mobility are decreased, indicating iG. 4. bependence of the mobility of the majority charge carriers on their
degradation of the quality of the material at temperaturesoncentration for InSb samples prepared by different means. The numbers
near the melting point of InSb (525°C). assigned to the symbols and curves correspond to data ferithe initial,

Figure 4 pIOtS the dependence of the mobility of theunirradiated samplesu(), 2 — samples after irradiation by different fluxes

L . . . of the total spectrum of reactor neutrons(), 3— samples after irradiation
majority charge carriers on their concentration for INSbang annealing at 450 °Cu,). The dashed curve corresponds to the theo-

samples doped in different ways. It can be plainly seen thadetical dependence.
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properties of nuclear-doped samples of InSb are summarizasghder the program “Research and Progress in High-Priority

in Table I1. Areas of Development of Science and Technology toward
Experimental data, taken after irradiation and annealindNon-Military Goals™” (Project No. 045 and The United

of samples at 450°C, allow us to derive an empirical for-States Industrial CommissiatySIC) under the auspices of

mula for the dependence of the concentration of the majoritysubcontract No. 4616510 with Lawrence Livermore National

charge carriers in nuclear-doped indium antimonide on thé&aboratory(Berkeley, California

slow-electron flux

Ny =2.1F. 2 L. S. Smirnov, S. P. Solov'ev, V. F. Stas’, and V. A. KharchenRoping

The results obtained by us are a direct proof of the pos- of Semiconductors by the Nuclear Reactions MefldRussian, Nauka,
Moscow, 1981.

Sib”ity of nuclear doping of InSb with tin over a wide range 2gp . Mirianashvili, D. I. Nanobashvili, and Z. G. Razmadze, Fiz. Tverd.
of concentrations. Nuclear-doped indium antimonide pos- Tela(Leningrad 7, 3566(1965 [Sov. Phys. Solid Stat&, 2877(1966)].
sesses good electrical properties, equal to or better than in3Ll-$<é VoSdop’y;r?ov E;ncli_é\l-slt- i;urgéarlli,ggiZ- Tverd. Telaeningrad 8, 72
dium antlm.omde metallurglcally dOped_ durmg grOWth' Al 4£/. N?Egru%\;\.)l, l\)l/SV OK;mer?sk’.alya,(andelgl'. G. Kolin, iBlectrical Prop-
the same time, the extended storage time required to alloweies of Strongly Irradiated InSfin Russiad (Publishing House of the
the induced radioactivity to fall to acceptable levels hinders Academy of Sciences of the USSR, Pavlodar, 1989. 2, p. 140.
the wide application of the method for industrial production °N. G. Kolin, L. V. Kulikova, V. B. Osvenski S. P. Solov'ev, and V. A.
of the material. The nuclear doping method can be applied to E::éf;‘g”'l‘géﬂiégzl]"h' Poluprovods, 2187(1984 [Sov. Phys. Semi-
indium antimonide to dope concealed thin layers in sy N. Brudnyi, N. G. Kolin, and V. A. Novikov, Phys. Status Solidi A
multilayer semiconductor structures and at different stages of 132, 35(1992.
production in the fabrication of devices. V. N. Brudn_yf and S. N. Grinyaev, Fiz. Tekh. Poluprovodd2, 315
This work was carried out with the financial support of (1998 [Semiconductor$2, 284 (1998,

the Russian Ministry of Science and Technological PolicyTranslated by Paul F. Schippnick
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Study of the polarization photoluminescence of thick epitaxial GaN layers
Yu. V. Zhilyaev, V. V. Krivolapchuk, and I. N. Safronov
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Polarization photoluminescence spectra of gallium nitride were obtained. It follows from an
analysis of the spectra that inhomogeneous broadening of the emission line having a half-width
greater than 20 meV can be determined from the dispersion of the ahgbéshe symmetry

axes of the crystallites forming the epitaxial GaN layer, relative to the surface of the layer. Varying
the angle of incidence, the focusing of the exciting laser beam, and the photoluminescence
recording angle makes it possible to use polarization photoluminescence measurements for
precision diagnostics of the quality of GaN layers. 1©®99 American Institute of Physics.
[S1063-782629)00407-X

INTRODUCTION ceeding 4%in the spectral interval of intergstand therefore
dthe measurements were performed without a depolarization
dge.

Photoluminescence spectra of GaN were recorded on a

At present, GaN is one of the most promising wideban
materials because it can be used to create blue and ultraviol&f
lasers and high-temperature semiconductor deviéeso . . . )
create device structures based on GaN it is very useful geres of samples with th€s axis perpendicular to the

have a GaN substrate. Accordingly, we used gas-phase epggrgplc? plane: Forfall San!efhm: 77t§1r|1d 3.OOth.We ref— h
taxy in a chloride system to grow thickwith thickness corded a series of spectra. e spatial orientation of the

d>300um) layers of GaN(with wurzite crystal structure— sample_was _fixed_and the spectrum was recorded both in
wz) on a sapphire substrate. After separating the GaN froanpoIarlzed lightwith no polaroid in front of the spectrom-

: . eter gap and in linearlys- and p-polarized light (with a
the sapphire, we used these thiglssentially bulklayers as olaroid in front of the spectrometer gafghe sample was

substrates to fabricate the device structures. Photolumineg3- o : ; :
cence in the ultraviolet is observed on thick GaN layers ob—t%en rotated by 90° about the optical axis{d) (Fig. 1) and

the procedure was repeated. Thus, for each sample we re-

tained in this way. . .
g rded a series of six spectra.

Since GaN has hexagonal structure, it may be expecte(aO
that the spectral characteristics of the photoluminescencges s AND DISCUSSION
will depend on the mutual orientation of the symmetry axis
(Ce), the wave vectork), and the electric field vectorE)
of the light3 The aim of the present work is to investigate the
spectral properties of the polarization photoluminescence
thick epitaxial GaN layers with wuaite structure.

In all cases there is orlg line in the photoluminescence
spectra of the investigated samples, whose emission maxi-
um at T=77K is located (depending on the specific

sample in the energy interval 3.4613.479 eV, and the full
width of the line at half-maximuntFWHM) is found to lie
within the limits 21-50 meV. This emission line is attributed
to annihilation of an exciton bound to a neutral dofrot

The samples were epitaxial layers of GaN witllype = T=300K the energy of the emission maximum and the
conductivity, growing on sapphire substrate Wi@f®02) ori- FWHM are equal to 3.407 eV and 98 meV, respectively. The
entation. X-ray diffraction data show that in this case@e typical form of the emission spectra @t=77 and 300K is
axis is oriented in the growth directigperpendicular to the shown in Figs. 2a and 2b. While examining the photolumi-
epitaxial layey. The thickness of the layers varied in the nescence spectra we discovered that the emission on the
interval 200-400um. A diagram of the experiment is shown observed line is polarized. The degree of polarization at the
in Fig. 1. Excitation was produced using radiation from aline maximum was found from the formule=(1,—1s)/
pulsed nitrogen laser with wavelength,=337nm (pulse  (I,+1s) (I, andl are the intensities of the radiation wigh
repetition rate 100 Hzwith electric field vector in all cases and s polarizationn and for some samples reached 47%.
perpendicular to th€g axis (EL Cg). The angle between the We also observed a significant narrowing of thdumines-
excited laser beam and the normal to the sample plane wa®nce line in both the andp components of the polarization
fixed at 42°. The laser beam was focused on a spot witliFig. 2).
diameterL ,,~400um. Luminescence spectra were recorded  Since GaN has hexagonal structure, we can expect, as
at temperature§ =77 and 300K. The photoluminescence was shown in Ref. 6, an anisotropy in the orientation of the
(PL) spectra were recorded sandp polarizations with the emitting dipoles and, consequently, a dependence of the
help of an SDL-2 spectrometer in the photon-counting respectral characteristics of the emission on the mutual orien-
gime. This spectrometer introduces a polarization not extation of theCg symmetry axis, the wave vecttér, and the

SAMPLES AND EXPERIMENT

1063-7826/99/33(7)/3/$15.00 716 © 1999 American Institute of Physics



Semiconductors 33 (7), July 1999

N, pulse laser AN

Lens

Zhilyaev et al. 717

Lens Polarizer

| M
| ¢ | i\ d

Sample

Monochromator

PM FIG. 1. Diagram of the experimental
setup. PM — photomultiplier.

500 |~

400

300~

8o
S
|

-

S
S

Intensity, arb. units

1
"

400~ | \J

200 1 L ] 1 I ] I ] 1
3400 3500 3600 3700 3800

0
ALA

FIG. 2. Photoluminescence spectra of epitaxial GaN layefs=at7 (a) and
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Recording
system

electric field vectorE. This means that the emission spec-
trum for (k, E) L C differs from the spectrum fork( E)|C;

i.e., the spectra are different depending on the chosen orien-
tation of the linear polarization. To prove this assertion we
examined the polarization emission spectra in a sample in
which theCq axis lay in the layer planganisotropic geom-
etry of the experiment In this case we observed a substan-
tial difference in the intensities of the line of thes andp
components of the polarization and marked narrowing of the
photoluminescence line. Moreover, it became clear that the
degree of polarization tracks the rotation of the sample by
90° about thec—d axis perpendicular to the plane of epitax-
ial growth. This kind of photoluminescence anisotropy was
investigated in Ref. 7. The authors of Ref. 7 showed that
photoluminescence of GaNwi) depends on the angle be-
tween the polarization vector and the direction of @Gyeaxis
(@¢). In this case we observed some change in the half-width
of the photoluminescence line. It is natural to expect that in
samples with theCg axis perpendicular to the sample plane
(isotropic geometry of the experimgnthe polarization de-
pendence of the photoluminescence intensity on the orienta-
tion of the linear polarization vector should be weak. How-
ever, in a number of the investigated samples we observed a
significant(twofold) narrowing of thel , line when recording

the photoluminescence in linearly polarized light. A com-
parison of series of spectra of different samples showed that
the indicated narrowing of thie, line increases with increas-
ing initial half-width of the line which was recorded without

a polarizer.

Key to an understanding of such behavior of the photo-
luminescence line in isotropic geometry are the following
circumstancesl — the polarization dependence of the line
width on ¢, observed in the case of anisotropic geometry of
the experiment2 — the mosaic structure of the GaN epitax-
ial layers, made up of individual crystallites with character-
istic dimensiond~1—10um. From the fact that the width
of the emitting region I(,,=400,m) substantially exceeds
the characteristic dimension of one crystallite it follows that
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the observed photoluminescence line consists of the contions present in the epitaxial GaN layers. Specific mecha-
bined emission of a large number of crystalliteshomoge- nisms of this influence require further detailed study. A
neous line width In this case th&g axes of the individual methodological aspect of this problem is that in the analysis
crystallites can form a “fan”(cone of directions. Itis clear of the GaN photoluminescence spectra it is necessary to take
that polarization behavior of the half-width of the line can betheir polarization characteristics into account. In addition, it
observed in the absence of averaging over the directions dbllows from the results presented here that varying the angle
the C4 axes in this fan. Hence it follows that the fan is of incidence, the focusing of the exciting laser beam, and the
asymmetrical; i.e., th€g axes of the individual crystallites recording angle in the photoluminescence measurements
form a bundle diverted as a whole by an anglefrom the  makes it possible to use polarization measurements of the
normal. The anglep. is formed in this case by the linear photoluminescence for precision diagnostics of the quality of
polarization vector and the direction of the projection of theGaN layers.
resulting beam axis on the sample plane. In this case, the This work was carried out with the support of the Rus-
inhomogeneous line broadening is determined by the dispesian Fund for Fundamental Resear@broject No. 97-02-
sion of the anglefd. of the bundle ofCq axes of the indi- 18098.
vidual crystallites that contribute to tthe emission line. This
allows us to conclude that the behavior of the half-width of
the line (FWHM) in the (.:ase Of_ Isotropic geometry is an'.alo- 'H. Morkoc, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. Burns,
gous to the case of anisotropic geometry of the experiment; appi. phys 76, 1363(1994.
considered above and described in Refs. 7 and 8. In théMm. Asif Khan, M. S. Shur, J. N. Kuznia, Q. Chen, J. Burm, and W. Shaff,
framework of this model a different value of the narrowing Appl- Phys. Lett66, 1083(1995. _ _
(in the s and p polarizations of the 1, line in different Ba(_) Oinncheng, Zhang Fungleng, Shi Ke, Dai Rensong, and Xu Xurong,
. . L : . Solid State Commurb9, 599 (1986.

samples is explained by the initially different magnitude of 4 ‘pingle, D. D. Shell, S. E. Stokowski, and M. llegems, Phys. Rex, B
the dispersion of th@. angles in these samples. 1211(1971).

In summary, our study of the, line allows us to con- ~ °W. Shan, T. J. Schmidt, X. H. Yang, S. J. Hwang, J. J. Song, and
clude that the inhomogeneous broadening of this emi_ssiorgg'. gf"@’ﬁgﬂzﬁ”aﬁﬁﬂl S’.hﬁ%p%iiﬁ?'gﬁfélszgs 2135(1962.
line having FWHM greater than 20 meV can be determined?k. pomen, K. Horino, A. Kuramata, and T. Tanahashi, Appl. Phys. Lett.
(providedl <L,,) from the dispersion of the anglés of the 71, 1996(1997).
symmetry axes of the crystallites that form the epitaxial GaN®!- Nikitina and V. Dmitriev, Inst. Phys. Conf. Set47, 431 (San Diego,
layer relative to the normal. The appearance of dispersion of 1999,
the anglesf. is probably due to the influence of deforma- Translated by Paul F. Schippnick



SEMICONDUCTORS VOLUME 33, NUMBER 7 JULY 1999
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The electrical properties of epitaxial InNAs and solid solutions based @n@aAsSb, InAsSbP,

INAsGa, InAsP have been investigated. It is shown that intentionally undoped crystals

haven-type conductivity, which is determined by shallow donor impurities = 0.002—0.003

eV) and structural defect€Eb=0.02—0.03 eV and;=0.09-0.10 eV. It is shown that

growth of epitaxial InAs using the neutral solvent Pb and also rare-earth elements makes it possible
to reduce the electron density by almost an order of magnittedievels as low as 3

X 10'° cm™3) due to due to a decrease in the density of structural defectsl9@® American

Institute of Physicg.S1063-782809)00507-4

The interest that has been shown in epitaxial indium arthe Czochralski method. It can be seen that the electron den-
senide and narrow-band solid solutions similar to it in com-sity in the epitaxial films is always approximately an order of
position is based on the wide applications of these materialmagnitude higher than in InAs crystals grown by the Czo-
in optoelectronic technology. Devices based on it cover thehralski method {= 940 °Q), while the mobility is lower by
spectral range from 2.7 to Am. The electrical and photo- a factor of 2 or more. This stems from the fact that in crystals
electric properties of epitaxial indium arsenide differ in of indium arsenide grown by the Czochralski method the
many ways from those of Czochralski-grown InAs and haveconductivity is determined only by shallow background im-
been widely studied, including by dg.We determined its purities(S, Se, Tewith activation energf=0.002 eV(see
energy spectrum, identified its natural structural defects, and@able ). In crystals grown by liquid-phase epitaxy &t
proposed and realized methods for enhancing the quality of 650—550 °C, as a study of the photoconductivity and tem-
crystals of this materidli.e., decreasing the concentration of perature dependence of the Hall coefficient has shown, there
structural defects and increasing the mobility of current caralso exist impurities with activation enerdy,=0.02—0.03
riers). We also investigated the galvanomagnetic and photoeV, which are attributable to a breakdown of stoichiometry
electric properties of some narrow-band solid solutions baseith the solution—melt that arises at lower growth tempera-
on indium arsenide such as,®aAsSb &=0.8—0.9) and tures. According to the phase diagrimt such temperatures
INASSbR, (x=0.03-0.26)3"° InAs crystallizes in a lattice with an arsenic deficiency. As a

In our study we have generalized our results on epitaxiatesult, a donor structural defect of the type “arsenic vacancy
indium arsenide and on solid solutions similar to it. We have+ trapped impurity” arises a5 + impurity), which in-
also investigated new narrow-band materials in order to finctreases the electron density in the epitaxial film. The relative
general trends and ways to enhance the quality of crystals @oncentrations of As and In and consequently the number of
this material. structural defects and the electron density in the crystal de-
pend on the growth temperature, as confirmed by the data in
Table 1.

We have proposed a method for decreasing the concen-

We examined epitaxial InAs films grown on indium- tration of structural defects in epitaxial indium arsenide by
arsenide substrates1£3x 10 cm %) at temperatures in introducing the neutral solvent lead into the solution—rhelt,
the range 550-650 °C. We investigated their galvanomagahich makes it possible to vary the relative concentrations of
netic propertiegelectron densityn, Hall coefficientR, con-  As and In in the solution—melt. Experimentally, we found
ductivity o, and magnetic resistandep/p) and photocon- (see Table ithat when the lead concentration was increased
ductivity in the temperature interval=77-300 K. The (upto 70 mole%, the electron density fell while the mobility
epitaxial layers were quite thicld0—80um); therefore, for  grew by approximately a factor of 2. For lead concentrations
the electrical measurements the substrate was ground dowgreater than 80 mole%, the electron density continued to de-

All of the InAs samples grown by liquid-phase epitaxy crease at all growth temperatures but the mobility fell as
hadn-type conductivity, where the electron density grew andwell. We assume that this occurs because of growth of the
the electron mobility fell as the growth temperature was low-degree of compensation since for equal quantities of As and
ered. Electrical parameters of the epitaxial films prepared dn in the solution—melt at relatively low temperatures the
different temperatures are listed in Table I. This table alsgrobability arises of the formation of acceptor structural de-
lists values of the parameters for standard samples grown Hgcts bound to indium vacancies. In this case, high-resistance

RESULTS OF A STUDY OF EPITAXIAL INDIUM ARSENIDE

1063-7826/99/33(7)/7/$15.00 719 © 1999 American Institute of Physics
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TABLE I.
) Composition mole% T=77K

Preparation Growth

method temperature, °C In As nx10 Y em® 4 cm?/(V-s) E;, eV E,, eV Eg, eV

Czochralski 940 50 50 0.27 34500 0.002 none  none

LPE 650 91.7 8.3 3.8 15200 0.001 0.015 none

LPE 600 94.8 5.2 9 6620 0.002 0.015 none
0.02

LPE 550 95 5 33 6 080 0.002 0.015 0.1
0.02 0.2

films, which find wide application in practice as semi- RESULTS OF A STUDY OF SOLID SOLUTIONS. UNDOPED
insulating substrates, were produced. In such well-SOLID SOLUTIONS

compensated samples it is possible to observe slopes in the 1 hary and quaternary solid solutions similar in compo-
temperature dependence of the Hall coefficient which corregiion to indium arsenide grown by liquid-phase epitaxy at

spond to deep donor imp_urities .in InAs wi'gh gctivation en-_550-650°C have been widely used to extend the optical

ergy E;=0.09-0.1 eV. Itis possible that this is yet another o g6 of operation of devices in the infrared. The width of

structural defect whose nature is sill unclear. _the band gap in them can be both less than and greater than
It can be assumed that the use of lead in the so_IutlonTn INAs (EIgnAs: 0.41 eV atT=77 K). Thus, in the investi-

melt during the growth of InAs alters the concentration of yated solid solution iGaAsSb k=0.8—0.92) the width of

not only the structural dgfect; put also .the concentration O?he band gap Eg<EIgnAs while in InASSbR (0.03<x

th_e shallow background impurities, forming such compounds<0_26), INnAsGa (x=0.02-0.03), and InASP (x

with them as PbS, PbTe, and PbSe. _ =0.022-0.07)E,>E_"°. Let us examine in more detalil
Doping of InAs during epitaxial growth with rare-earth each of these solid sgolutions.

elements(ytterbium and gadoliniumnalso led to a decrease

of the concentration of current carriers and a strong rise o

the mobility. It is possible that rare-earth impurities actively

bond to background impurities, forming neutral compounds  The quaternary solid solutions @aAsSb withx vary-

with them. ing over a wide interval have been in wide use for a long
The final result of doping with lead and rare-earth impu-time, and therefore their electrical properties have been stud-

rities is well illustrated by Fig. 1, which plots the theoretical ied extensively.”®

dependence of the electron mobility in InAs on their concen- It is well known that these solid solutions have a broad

tration (dashed lingand also the results for epitaxial films of region of immiscibility in the interval 0.2x<0.8. There-

indium arsenide grown in the presence of lead and dopetbre, they can be used only for small valuesxofx<0.2),

with rare-earth elements. The purest samples with high moahere they are similar to GaSb, and for large values of

bility (about 100 000 cAi(V-s), which is close to the the- (x=0.8—0.9), where they are similar to InAs.

oretical mobility (curve 1), were obtained by doping with Figure 2 plots the theoretical dependence of the width of

rare-earth impurities. The presence of lead during dopinghe band gaf, on x at T=77 K over the entire interval of

with rare-earth elements lowers the mobilifgurve 2), al-  variation of x for the solid solutions lfGaAsSb(Ref. 10

though it gives samples with the lowest concentration of curalong with experimental points which we obtained by exam-

rent carriers (1I=3x10" cm™3). Lead in the absence of ining the photoconductivity in them. It can be seen that for

rare-earth impuritiegcurve 3) can also strongly lower the 0.7<x<0.92E, varies only weakly and is similar in value

concentration and mobility of the crystals. to Eg‘AS (0.3-0.32 eV, and for 0<x<0.22 E, falls from

gOLID SOLUTION In ,GaAsSb

TABLE II.

Composition of solution—melt, mole % T=77K
No. t, °C In As Pb nx10 ¥ cm3 w, e/ (V-s)
1 650 91.2 8.22 0 4 13900
2 32.9 3.7 63.3 0.49 30000
3 7.19 7.19 85.6 0.2 3930
4 600 94.8 3.2 0 9 6 620
5 31.8 1.8 66.3 1.2 20600
6 4.18 4.18 91.6 0.082 4020
7 550 95 5 0 33 6 080
8 31.8 0.9 67.6 15 6 160
9 2.5 2.5 95 0.46 390
10 500 1.4 1.4 97.2 0.2 4640
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In this article we present the results of an experimental
study of the galvanomagnetic propertiésall coefficient,
conductivity, mobility and the photoconductivity afl
=77-300 K in InGaAsSb solid solutions similar in compo-
sition to InAs, obtained by liquid-phase epitaxy &t
=550-650°C on GaSh and InAs substrates. All the solid
solutions hadn-type conductivity. The thickness of the
samples was 3—@m. Since the substrate in this case cannot
be removed, it was necessary in the galvanomagnetic mea-
surements to isolate the epitaxial layer from the substrate by
creating a potential barrier at the “flm—substrate” boundary
or to use high-resistance substrates.

We examined two types of films: isoperiodic GaSh and
isoperiodic InAs films. The isoperiodic GaSb films were
grown on ann-GaSb:Te substrate or on high-resistance
p-GaSb obtained with the neutral solvent lead. In the first
case there exists a high potential barrier at the boundary

dashed line—theory, 1—samples doped with rare-earth elements, which allows one to perform measurements ug t0300 K.

2—samples doped with rare-earth elements and |8adsamples doped
with lead.

Isoperiodic InAs crystals were grown on high-resistance
p-INAs : Zn (with resistivity 100() -cm atT=77 K). In these
samples at high temperatures the conductivity of the sub-

0.78 to 0.56 eV. It may be noted that there exists a region o$trate grew due to the transition to intrinsic conductivity;
values ofE4 which corresponds to the immiscibility region therefore, it was possible to measure the parameters in them
of the solid solution, where experimental points are absen@nly up to 200 K.

since these solid solutions cannot be obtained by liquid- For convenience and ease of visualization, results of the

phase epitaxy.
Narrowband solid solutions JGaAsSb similar in com-

measurements of the electrical parameters are summarized in
Table 1l for all of the most typical undoped samples, of

position to InAs are interesting for the reason that on thevarious composition, grown on both types of substrates. Let
basis of these solid solutions it is possible to obtain the sous consider the results for InGaAsSb. It can be seen from the
called disconnected type-Il heterojunctions which possess @ble that in InGaAsSb on amGaSh : Te substrate the elec-
number of unique electrical and photoelectric properifes. tron density is an order of magnitude greater than in the
These solid solutions are used to create optoelectronic déamples grown op-InAs: Zn. This can be explained by dif-
vices which play an essential role in connection with eco-fusion of tellurium or zinc impurities from the substrate into

logical problems and preservation of the environment.

0.80

" InAsSHR,

0.60

v

L]
~ 0.40
L,};
In_GaAsSb
0.201
0.00 | ] ) ! ! ] ] | )
0.00 0.20 0.40 0.60 0.80 1.00

x

FIG. 2. Dependence of the width of the band dgpat T=77 K on the
composition  of InGaAsSb and InAsShP solid  solutions.
Curves—theory®*® points: 1, 2—our data,3—data of Ref. 14.

the epitaxial film. Diffusion of tellurium also took place in
the case of growth on such substrates of solid solutions
which are similar in composition to GaSb and which have
p-type conductivity’ In them tellurium created an acceptor
structural defectVg,+ Te). In the given solid solution, tel-
lurium apparently manifests itself simply as a shallow donor
since no significant lowering of the mobility typical of the
presence of defects is observed. Zinc, acting as an acceptor
as it diffuses from the substrate into the epitaxial film, raises
the degree of compensation of electrons in it by lowering
their density and decreasing their mobility.

The electron activation energies listed in Table Il were
determined from the temperature dependence of the Hall co-
efficient (Fig. 3). On the curve for the solid solution
Ing g=GaAsSh three slopes, which correspond to the activa-
tion energiesE;=0.002 eV, E,=0.02-0.03 eV, ande;
=0.09-0.1 eV, are observed. The deepest donor &,
also showed up in an examination of the photoconductivity.
It may be noted that the same activation energies were found
for epitaxial films of indium arsenide: as was already noted,
E, is due to shallow uncontrollable impurities, akd and
E; are due to structural defects.

THE SOLID SOLUTION InAsSSbP

Baranov et all? showed that in the system InAsSbP
grown on an InAs substrate by liquid-phase epitaxy it is



722 Semiconductors 33 (7), July 1999

Voronina et al.

TABLE IlI.
77 K 300 K
Solid
solution X Substrate  nx10°Y, ¢ 3 u,cn?/(V-s) nx10Y,cm®  u,cnf/(V's) E;, eV E; eV Ejz eV
In,GaAsSb 0.85 n-GasSb: Te 6 8750 74 3400 0.002 0.02 0.09
0.85 n-Gash: Te 6 8000 1.5 7300 0.003 0.025 0.08
0.8 p-InAs : Zn 0.2 8900 :
0.79 p-InAs : Zn 0.5 6300
INAsSbR 0.03 p-InAs : Zn 0.9 29 000
0.16 p-InAs : Zn 8 14 000
0.26 p-InAs : Zn 0.18 13000 0.002 0.02 0.9-0.1
INAsGa, 0.02 p-InAs: Zn 0.53 2600 0.002 0.015 0.07
0.03 p-INnAs : Zn 1.0 2500 6.6 650 0.001 0.033 0.2
0.05 p-InAs : Zn 10 4000 52 3400 0.002 0.018 0.07
INASP, 0.02 p-InAs : Zn 2 2500 19 1200 0.002 0.035 0.2
0.038 p-InAs : Zn 10 4300 14 3900 0.001 0.03
0.053 p-InAs : Zn 14 3100 17 3200 0.002 0.03
0.073 p-InAs : Zn 5.8 3000 11 2500 0.002 0.03

possible to obtain a continuous series of solid solutions with<0.15 was 650 °C, the film thickness was about 40O,
0<x<0.39, whose band gap partly overlaps the spectradnd the substrate was ground down before the measurements
range of the immiscibility region of InGaAsSh, which raiseswere performed. Fox=0.26 andt=550 °C the layers were
interest in these solid solutions. The dashed line in Fig. 2hin (3—5 xm). In this case, we used strongly compensated
plots the calculated dependence of the width of the band gap-InAs: Zn as the substrate, which is a semi-insulator up to
in INASSbR, on the composition® and the points represent 200 K.

experimental results obtained by us and other autHors. Parameters of the solid solutions InGaA$#r represen-

We investigated the electrical and photoelectric properiative values ofx are listed in Table Ill. Note that in thin
ties of the solid solutions InAsSh®ver a wide range of the films with the composition InGaAg3g grown on InAs: Zn
phosphorus content (0.863%<0.26). Our aim was to deter- substrates the electron density is significantly lower for low
mine the parameters and to examine the energy spectrum efectron mobility than in thick films of other compositions.
this material. We can assume that zinc which diffuses from the substrate

Epitaxial films, isoperiodic with the InAs substrate, were compensates for the donors in the film. We observed an
obtained by liquid-phase epitaxy from the initial ingredientsanalogous picture in the solid solution InGaAsSb. The acti-
InP, InAs, In, and Sb. The growth temperaturfor x  vation energies of the impurities were determined from the

temperature dependences of the Hall coefficient and the pho-
toconductivity. Figure 3 plots the dependeriR€r) for the
w0° solid solution InAsSbj,¢ Three slopes are distinctly visible
in the temperature dependence corresponding to the activa-
tion energies E;=0.002 eV, E;,=0.02 eV, and Ej
InAsSbP, . =0.09-0.1 eV. As can be seen, the same values were ob-
tained as in indium arsenide and in the solid solution In-
GaAsSh.

T T

10
THE TERNARY SOLID SOLUTIONS InAsGa , (x=0.02—0.05)
AND InAsP , (x=0.022—-0.07)

T T 17777

These solid solutions, which are very similar in compo-
sition to indium arsenide, have a band gap that is not much
InGa, 5 As wider than that of InAs. According to the calculations,Tat
* In, 45 GaAsSh =77 K it is E;=0.448 eV for INnAsGaand E;=0.415 eV
4 InAsP, 524 for InNAsP, . Interest in these materials stems from the search
for crystals with lower electron affinity than in InAs aifg,
close to the band gap of indium arsenide, with the aim of
- obtaining structures with a disconnected type-Il heterojunc-
tion that contains a two-dimensional electron channel.
Ternary solid solutions InAsGa and InAsP were grown
by liquid-phase epitaxy at=590°C onp-InAs:Zn sub-
strates, with which they were not isoperiodihe lattice mis-
match Aa/a varied from 0.1 to 0.2% The parameters of
these solid solutions are listed in Table 11, and the tempera-

R, cmj/ C

0

T TV

I 1
5 10 75

077, K

FIG. 3. Temperature dependence of the Hall coeffickfar different solid
solutions.
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TABLE IV.
T=77K
Solid Impurity
solution Substrate Impurity concentration, mole nx10 %, cm™2 wu, e/ (V-s)
INASSDBR 56 p-InAs : Zn 0.18 13500
Te 2.5x10°4 0.6 8100
5 x1074 15 6000
4.6x10°3 25 3600
9.2x10°° 60 3000
Sn 1.8x10°2 0.12 6150
3.2x10 2 0.31 6 850
2.5x107* 3.3 4780
6.2x107* 12 3330

ture dependence of the Hall coefficient is plotted in Fig. 3. ltexperimental curves for all the investigated ternary and qua-
is interesting that the electron density in all the investigatedernary n-type solid solutions, both undoped and tellurium-
crystals was high (26—10 cm™3) while the mobility was  doped, are also shown.
low. The activation energies in these ternary solid solutions It can be seen from the figure that the dependen@®
were similar to the activation energies of impurities in InAs for the solid solutions differs significantly from the theoreti-
and in the quaternary solid solutiofig. 3. cal dependence for InAs. Closest to the theoretical depen-
dence u(n) is the dependence for InGaAsSb grown on
n-GaSb : Te(curvel), but for the same solid solution grown
DOPING OF SOLID SOLUTIONS WITH DONOR IMPURITIES on p-InAs: Zn it is located significantly lowefcurve 2),
which suggests that this material is highly imperfétthas
To extend the range of current carrier concentrations irtlusters of impurities and defects, the so-called “mobility
the solid solutions we doped some of them with donor im-killers,” and other flaw§). This dependence has roughly the
purities (Te, Sn. same form for INAsSbP grown on the same substfeteve
The solid solution IpgsGaAsSh, grown on a 3). As studies of transverse and longitudinal magnetoresis-
n-GaSbh:Te substrate, was doped with tellurium. The electance in these crystals have shown, there do indeed exist
tron density in this case grew linearly from XQ0' to  clusters of impurities, whose fraction can reach 47% of the
10¥cm3%, and the mobility fell from 11000 to entire volume of the crystal in the undoped samples. Their
3000 cnf/(V-s). appearance is possibly connected with zinc diffusion from
Thesolidsolution INAsShfs, grown on ap-InAs:Zn  the substrate during epitaxial growth.
substrate, was doped with tellurium and tin. The results are Taking into account all the factors mentioned above, we
summarized in Table IV, from which it can be seen thatconclude that to obtain solid solutions with a high mobility it
doping with tellurium raises the electron density from 2
x 10 to 10" cm™2 as the tellurium concentration increases
from 10 * to 10 2 mole %. 0°
In the case of doping of INAsSbP with tin this impurity E RN
manifested its amphoteric properties: at low tin concentra- L
tions the number of acceptors and the number of donors i i
the crystal grew. Therefore, the electron density first de- i ~
creased slightly, but at tin concentrations greater than 0.0: %
mole% the electron density grew rapidly and reached &
10'8 cm™3. As measurements of the temperature dependenc g 7%
N

> 00D
Nl NIV N

of the Hall coefficient and the photoconductivity in
tellurium- and tin-doped samples showed, impurities in them
with activation energye;=0.002—0.003 eV are preserved,
but the defect with activation enerdg,=0.02—0.03 eV dis-
appears, which suggests a possible curing by tellurium ani
tin.

A
ol Lol Lot

In order to estimate the degree of perfection of the vari- 107 10" 10"
ous n-type solid solutions examined in this study, we com- n,em’”’
pared the dependence of the electron mobility on the electron
density in them with the theoretical dependencgn) for FIG. 4. Dependence of the mobiligy on the electron density in the solid

P ; e ; olutions: dashed curve—theoretical dependence for InAs, points—
indium arsenide, as we did in the case of doping of InAs bysxperiment: 1—InGaAsSb on an-GaSh:Te substrate2—InGaAsSb on

rare-earth impurities or by using lead solvent. The dasheg nas:zn, 3—inGaAsP on p-nAs:zn, 4—InGaAs on p-InAs:Zn,
curve in Fig. 4 plots the theoretical dependence for INAS5—InAsP onp-InAs.
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TABLE V.
. . o T=77K

Solid Impurity Conductivity

solution Substrate  Impurity concentration, mole% type nx10°Y, cm 3 4, cn?/(V-s)

Ing gsGaAsSh p-GaSb : Te n 5.6 3700

Mn 6.6x10° n 4 2270

1.9x10 2 n 2.2 890
5.7xX10°? p 8 20
9.1x10? p 13 59
1.9x10°* p 40 60
3.4x10°1 p 170 50

is desirable to use either high-resistance substrates dop@®NCLUSIONS
with lead or GaSb: Te substrates instead of InAs:Zn sub-
strates.

The electron mobility in the undoped ternary solid solu-

tions InAsGa and InAsk with different x, grown on at different epitaxy temperaturé650—550 °Q, are crystals

p-Inﬁst:Zn Sltjr?s”a.‘teﬁ:: '9. 4 (i_urvte?f an(il 5, is S'glrgf" | with n-type conductivity. As the epitaxy temperature is low-
cantly lower than in the investigated quaternary solid so u'ered, the electron density grows by almost two orders of
tions. In our view, this has to do with the fact that these

epitaxial films are not isoperiodic with InAghe lattice mis magnitude in comparison with the current carrier concentra-
" tion in InAs crystals grown by the Czochralski method (2
matchAa/a=0.1-0.2%). y 9 y (

X 10 cm™3) while the mobility falls by almost an order of
magnitude.

While the conductivity is determined by shallow impu-
DOPING OF SOLID SOLUTIONS WITH ACCEPTOR rities with activation energyE;=0.002—0.003 eV in InAs
IMPURITIES crystals, in epitaxial layers it is also governed by structural

Acceptor impurities, such as manganese and zinc, ardefects with activation energiek,=0.02-0.03 eV and
usually used to obtaip-type solid solutions. The most prom- E3=0.09-0.1 eV due to deviations from stoichiometry in
ising is manganese since zinc diffuses strongly from thdhe solution—melt toward lower arsenic concentrations by al-
growing film to the substrate during doping, distorting theMost an order of magnitude.
results. We investigated the manganese-doped solid solution 2- We have achieved a substantial decrease in the
Ing g=GaAsSh, grown om-GaSh: Te and-GaStPb) sub- current-carrier concentratiofby almost an order of magni-
strates. The parameters of these manganese-doped solid §4d® and increase in the mobility in epitaxial layers of in-
lutions are listed in Table V.

Manganese doping leads first to a decrease in the elec- R
tron density, and then to overcompensation and production 70
of p-type materialsee Fig. 5 for the InGaAsSb layers grown
onn-GaSbh: Te. We were able to obtain solid solutions with
carrier concentratiorp=10' cm 3 and mobility 50—-100 "
cn?/(V-s). Itis interesting to note that sign inversion of the 0
Hall coefficient(transition of the conductivity from-type to
p-type) in samples grown om-GaSbh : Te substrate§ig. 5,
curve 2) takes place later at high manganese concentrations
than in samples grown op-GaSkPb) substrates. This can
be explained by an increase in the electron density in the
solid solution due to tellurium diffusion from the substrate.

A study of the photoconductivity ip-type manganese- 1
doped InGaAsSb samples revealed the presence of peaks i 70
the region of the impurity conductivity, associated with ex-
citation of electrons from the valence band to levels with
E,=0.03-0.04 eV an&;=0.09-0.1 eV, regardless of the
type of substrate, which confirms our conclusion that they bl ) el
are associated with natural structural defects in this solid 0 0 . 0
solution. In the spectral dependence we also observed a pea Mn cortent, mol. %
associated with excitation of electrons_ from a shallow accepl_:IG. 5. Dependence of the current carrier concentration in InGaAsSb layers
tor level E,=0.025-0.028 eV, which is probably due to the g the level of manganese dopingi—on a GaAs:Te substrat@—on a
manganese impurity in this solid solution. p-GaStPb) substrate.

Summarizing our discussion above, we can draw the fol-
lowing conclusions.
1. All of the epitaxial layers of indium arsenide, grown

T T 11T

T TTTI

~
1

n,p, cm

T=TTTTT

T TTTTTI




Semiconductors 33 (7), July 1999 Voronina et al. 725

dium arsenide due to use of the neutral solvédad, which 2A. N. Baranov, T. I. Voronina, T. S. Lagunova, M. A. Sipovskaya, V. V.
makes it possib|e to reduce the nonstoichiomé@y the Sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovazif.421 (1993

ratio of the In and As concentrations in the solujiowe ,[Semiconductor&7, 236(1993] _ :
hieved a decrease in the electron density in InAs e itaxiaIT' . Voronina, T. S. Lagunova, M. P. Mikflava, M. A. Sipovskaya,
ac y p V. V. Sherstnev, Yu. P. Yakovlev, Fiz. Tekh. Poluprovodts, 421

layers as a result of growing from solution—melts doped with (1991 [Sov. Phys. Semicon@5, 390 (1997)].

rare-earth elementytterbium and gadolinium which prob-  *T. 1. Voronina, T. S. Lagunova, K. D. Moiseev, N. A. Prokof'eva, T. B.
ably bind to background impurities in the initial solution. We Popova, M. A. Sipovskaya, V. V. Sherstnev, and Yu. P. Yakovlev, Fiz.
obtained epitaxial Iayers with=6x 10 cm~3 and mobil- Tekh. Poluprovodn25, 1639 (1991 [Sov. Phys. Semicond25, 989

. (199D)].
ity about 100 000 CIQd(V~S). 5T. 1. Voronina, T. S. Lagunova, K. D. Moiseev, M. A. Sipovskaya, I. N.

3. All of the investigated solid solutions, both with band  Timchenko, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovod¥, 1777
gap Eg4 greater than that of indium arsenid@AsSbP, In- (1993 [Semiconductor27, 978 (1993].
GaAs, InAsP and with band gap less than that of indium ®A. N. Baranov, A. A. Gorelenok, A. M. Litvak, V. V. Sherstnev, and

: ) Lo __Yu. P. Yakovlev, Zh. Neorg. Khim37, 448 (1992.
arsenide(InGaAsSh, haven-type conductivity; here the en 7A. N. Baranov, A. N. Dakhno, B. E. Dzhurtanov, T. S. Lagunova, M. A,

ergy spectrum of the impurities in all the investigated Crys- sjpovskaya, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovce).98 (1990
tals is similar to the energy spectrum of epitaxial InAs and [Sov. Phys. Semicon@4, 59 (1990)].

consists of levels with energids;=0.002—-0.003 eVE, 8A. N. Baranov, T. I. Voronina, A. N. Dakhno, B. E. Dzhurtanov, T. S.
=0.02-0.03 eV, antE;=0.09-0.1 eV. Lagunova, M. A. Sipovskaya, and Yu. P. Yakovlev, Fiz. Tekh. Polupro-

. . . . . . vodn. 24, 1072(1990 [Sov. Phys. Semicon@4, 676 (1990].
4. DOplng of solid solutions with the donor Impurities Te T. I. Voronina, B. E. Dzhurtanov, T. S. Lagunova, and Yu. P. Yakovlev,

and Sn makes it possible to obtain layers with current-carrier iz, Tekh. Poluprovodn28, 2001 (1994 [Semiconductors28, 1103
concentrations in the interval 8- 10'° cm™2 and mobili- (1994)].

ties in the interval8000-3000 Cﬁy(v.s)_ In crystals 3. C. De Winter, M. A. Pollack, A. K. Srivastava, and J. L. Zyskind,
doped with donor impurities we observed curing of the struc-,>: Eléctron. Materd 729 (1985

. . . IM. A. Afrailov, A. N. Baranov, A. P. Dmitriev, M. P. Mikh#ova, Yu. P.
tural defects WltrEZZO'OZ_O'O:; eV. Doping of solid solu- Smorchkova, I. N. Timchenko, V. V. Sherstnev, Yu. P. Yakovlev, and

tions with acceptor impuritieéMn) leads to overcompensa- |. N. Yassievich, Fiz. Tekh. Poluprovod@4, 1397 (1990 [Sov. Phys.
tion and production of crystals witlp-type conductivity Semicond 24, 876 (1990].
and with hole density p:1019 cm 3 and mobility 12A. N. Baranov, B. E. Dzhurtanov, A. M. Litvak, N. A. Charikov, A. G.
50 crr?/(V~s) ChernyavsKi, V. V. Sherstnev, and Yu. P. Yakovlev, Zh. Neorg. Khim.
' 35, 3008(1990.
1BE. P. Gertner, D. T. Cheung, A. N. Andrews, and J. T. Longo, J. Electron.

1A, N. Baranov, T. I. Voronina, A. A. Gorelenok, T. S. Lagunova, A. M. Mater. 6, 163 (1977.

Litvak, M. A. Sipovskaya, S. P. Starosel'tseva, V. A. Tikhomirova, and T, Fukui and J. Horikoshi, Jpn. J. Appl. Phy20, 587 (1981).

V. V. Sherstnev, Fiz. Tekh. Poluprovod@6, 1612 (1992 [Sov. Phys.

Semicond26, 905 (1992]. Translated by Paul F. Schippnick



SEMICONDUCTORS VOLUME 33, NUMBER 7 JULY 1999

Hubbard energy of two-electron tin centers in PbS  ;_,Te, solid solutions
V. F. Masterov," F. S. Nasredinov, S. A. Nemov, P. P. Seregin, and N. P. Seregin

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted December 24, 1998; accepted for publication December 28), 1998
Fiz. Tekh. Poluprovodr33, 789—790(July 1999

It is shown by Mmsbauer spectroscopy of the isotdp®n that an isovalent tin impurity in

PbS ,Te, solid solutions is a two-electron donor with a negative correlation energy, where the
energy levels associated with tin centers are situated against the background of the valence
band continuum. The Hubbard enerdy is estimated for impurity tin atoms in PpSTe,
(JU|>0.2 eV, which is found to be substantially higher than for analogous tin centers in

PbS _,Se solid solutions (U|=0.058 e\j. © 1999 American Institute of Physics.
[S1063-782629)00607-9

According to Mmsbauer spectroscopy data on the iso-of the valence band, but have a higher energy than the ac-
tope 11%Sn, tin in PbS and PbSe and their solid solutionsceptor states of thallium and sodium impurities. The absence
PbS _,Seg is a two-electron donor with a negative correla- of states corresponding to singly ionized tin centers in the
tion energy(Hubbard energy* In PbS the energy levels gen- Mossbauer spectra indicates that the Hubbard energy)
erated by tin centers lie in the lower half of the band gapfor two-electron tin centers in PhS,Te,.
whereas in PbS ,Se solid solutions the tin levels drop as A similar situation has been encountered for PbSe
is increased, and far>0.7 they enter the valence batisit ~ solid solutions> For these solid solutions, which simulta-
remain above the levels generated by sodium and thalliurneously contained $ri and SA* centers, the isomeric shifts
acceptor centers, which are used to control the position of thef the Si#* and SA* lines depended on the temperature at
chemical potential in PbS ,Se, solid solutions: which the spectra were measured: Elevation of the tempera-

Attempts to observe the electrical activity of tin centersture from 80K to 295K was accompanied by merging of the
in PbTe have been unsuccessful because the energy levels of
tin are situated against the background of states of the va-
lence band below the attainable values of the chemical po-
tential in this material. In PbS ,Te, solid solutions the tin
levels “rise up” from the depth of the valence band, and it is
possible to observe phenomena associated with change in the
charge state of tih.Here we give the results of a determina-
tion of the positions of the energy levels of tin in Rb$Te,
solid solutions and the Hubbard energy. The preparation of
the samples for the investigations and the procedure for mea-
suring the''®Sn Massbauer spectra are described in Ref. 1.

Figure 1 shows the!'®Sn Mossbauer spectra of
Pb,_,ySnAS, ,Te, solid solutions at a temperature
=80K. For partially compensated samples<(9<2x) the
11%5n Missbauer spectra @t=80 K comprise the superposi-
tion of two lines, whose isomeric shifts correspond td'Sn
and SA™; the fraction of SA™ centers P=N(Sr")/
{N(SPE")+N(Srf)} [N(SrE*) andN(Srf*) are the den-
sities of SR and SA™ centers, respectivelys proportional
to [N(A)—p], whereN(A) andp are the densities of accep-
tors and holes in the samples. The latter varied between the
limits 10*°—10*°cm™ 2 and did not depend on the tempera-
ture in the range from 80K to 295K, indicating that in
PbS _,Te, solid solutions the chemical potential associated
with partially ionized tin donor levels is below the top of the : , : .

-1 0 1 2 3 4 5
valence band.

Consequently, tin in PhS,Te, is a two-electron donor: V, mm/s

+ + i 0 _
Sr** and St ions correspond to neutral$n") and dou FIG. 1. Mdsshauer spectra dft®Sn at T=80 K for the solid solutions

b]y ionizgd (Sn]“) .tin centers..The electronic states asso-ph, ..Sn, oiTlo.6:SsT€s (@ and Pl eeSM oTl0.005 15T €085 (b). The posi-
ciated with tin are situated against the background of statesons of the SA* and SR* spectra are shown.

Relative count rate

1063-7826/99/33(7)/2/$15.00 726 © 1999 American Institute of Physics
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05r lines exhibit a far weaker temperature dependence than has
been observed for PhS,Se, solid solutions(Fig. 2). An
estimate of the activation energy of electron exchange be-
04t tween neutral and ionized tin centers in RPbJe, gives
Ey>0.1 eV, i.e., for the Hubbard energy we hg#>0.2

os
[N

S eV. This value is much higher than the vali|=0.06 eV
§ 03k obtained for analogous centers in Rb$Se, .
I~ A comparison of the estimates for the Hubbard energy
& leads to conclusions about its nature, i.e., in our case about
Q the source of the energy gain when the second electron is
O,L 0.2 stripped from the tin center, relative to the first. First of all,
D this gain could hardly be associated with delocalized states
=) + of the valence zone, because for PbsSe, solid solutions
0.1T7 the dependence &, on z vanishes when the tin levels move
into the valence band. This means that the delocalized states
v 43 43 of the valence band and the electronic states of the tin atoms
0.0F are separated in space, while the Hubbard energy is deter-

mined by the nearest-neighbor environment of the latter.
Second, the Hubbard energy depends on the chemical nature

L L L L L L of the chalcogen in the environment of the tin atoms. In the
0.0 0.2 0.4 0.6 0.8 1.0 composition where the Hubbard energy was estimated, they
z are Sé~ for PbS _,Se and Té~ for PbS_,Te,. The most

FIG. 2. Dependence on of the relative change in the distance between Probable cause of the onset of a negative Hubbard energy

the S+ and SA* lines when the temperature is raised from 80 K to could be a shift of the ligand ions toward the central {on

295 K for solid solutions PyeSmyoNagorTlooSi-.S¢ (1) and  our case the $e or T&~ ions toward the Sh™ ion) after

P05 0aTlo.0sS.2Tegg (2). D(80) andD(295) denote the distancé®  getachment of the second electron. However, this effect

mm/9 between the S and SA™ lines at 80 K and 295 K, respectively. . . .
should produce a greater energy gain for smaller-size ligands
(i.e., for Sé~ as opposed to Fe). Our observed ratio of the
Hubbard energies implies a different origin. The source in

Srt* and SA™ lines(Fig. 2). Such temperature dependencesthis case could be, for example, an increase of the covalent

of the isomeric shifts are characteristic of electron exchangégontribution to the tin-chalcogen binding energy in the ion-

between two charge states of a $4bauer atom, when the ization of tin.

lifetime of each state is commensurate with the lifetime of

the Massbauer levelthis time is of the order of 20ns for 'Deceased.

11%3n). For z>0.7 the process activation enerfy does not

depend org; an analysis in Ref. 2 suggests that the activation

energy of the indicated process in the case of tin levels situ+y. F. mMasterov, F. S. Nasredinov, S. A. Nemov, and P. P. Seregin, Fiz.

ated against the background of the valence band is governedrekh. Poluprovodn30, 840 (1996 [Semiconductor80, 450 (1996)].

entirely by the Hubbard energi,=—U/2. 2y. F. Masterov, F. S. Nasredinov, S. A Nemov, and P. P. Seregin, Fiz.

For PbS_,Te, solid solutions containing neutral and Tekh. Poluprovodn31, 227 (1997 [Semiconductor81, 181 (1997)].
ionized tin centers the isomeric shifts of the?Srand SA™  Translated by James S. Wood
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Investigation of MOVPE-grown GaN layers doped with As atoms
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V. V. Lundin, M. V. Maksimov, A. V. Sakharov, A. S. Usikov, and Zh. I. Alferov
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Technische UniversitaBerlin, D-10623 Berlin, Germany
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Conditions are investigated for the injection of arsenic into gallium nitride layers grown by metal-
organic vapor-phase epitaxy. It is shown that the deposition of GaAs on a GaN surface

relieves stresses in the GaN layer. The high-temperature overgrowth of a thin GaAs layer by a
GaN layer causes As atoms to diffuse into the GaN, produces a thick, homogeneously

doped GaN:As region, and creates a bright band in the photoluminescence spectrum with a
maximum at~2.5 eV. © 1999 American Institute of Physid$$1063-78269)00707-3

Considerable attention has recently been given to thé~25% between GaAs and GaNhan in InGaN-GaN
fabrication of light-emitting devices that operate in the vis-(~12% between InN and GgNHowever, theoretical calcu-
ible and ultraviolet regions of the spectrum. This interest idations show that the decrease in the width of the band gap
largely attributable to the sweeping potential of such devicesvith the introduction of GaAg~150 meV for 1% GaAs
for applications in color television and in memory units. Thegreatly exceeds the analogous value for IfN25 meV for
greatest progress was in the use of structures based on th& InN). Consequently, even slight additives of GaAs can
system InGaN-GaN, which permits the radiation energy tcignificantly lower the energy of the optical transition. It has
be varied within the rangéw=1.96-3.5 eV. This system also been shown that the introduction of As improves the
has provided the basis for the construction of light-emittingtransport and optical characteristics of GaN layers.
diodes operating from the green to the UV region of the  Here we report an investigation of the injection of As
spectrum. However, the fabrication of green-emitting laserénto GaN epilayers grown by metal-organic vapor-phase ep-
requires a higher content of Inkinore than 35 mole %in itaxy (MOVPE) (organometallic compound hydride epitaxy
the active zone of InGaN. But then the excessive mismatchVe intend to show that the deposition of GaAs on the sur-
of the lattice parameters with GaN creates difficulties in theface of a GaN layer and its subsequent removal lead to stress
growth of such layers, leads to deterioration of the structuratelief and partial relaxation of the GaN layer. The deposition
and, hence, optical characteristics of the active zone of Inef a thin GaAs layer between GaN layers results in the for-
GaN, and results in degradation of the device characteristicsnation of local GaN:As regions due to the emergence of a
These obstacles necessitate the use of alternative methods few band in the photoluminescence spectra, its maximum
solving the problem of extending the optical range of GaN-occurring at an energiw=2.5 eV.
based devices. The GaN:As samples were grown @800J)-oriented

One way to solve the problem is by the monitoring andsapphirea-Al,O5 substrates in a horizontal reactor with in-
regulation of self-organization processes in constrained systuctive heating and a reduced pressure of 200 mbar. The
tems. For In-containing systems these effects produce localapor carrier was hydrogen or argon, the source of the group
regions of elevated In content and can be used to achiev#l element was trimethyl gallium{TMG), and the nitrogen
major modifications of their optical properties. The forma-source was ammonia. Tertiary butylarsifieBA) or a 10%
tion of InGaAs quantum dots with diametersl00 A, which  mixture of arsine (Ask) with hydrogen provided the source
are capable of shifting the photoluminescence line to a wavesf arsenic. The resulting structures were investigated by sec-
lengthA~1.3 um, has been demonstrated in a conventionabndary ion mass spectroscof$IMS) and photolumines-
InGaAs-AlGaAs system; the same shift has been impossibleence, which was excited by an He-Cd laser with a pump
to achieve using InGaAs-based quantum welumerous power density of 25 W/cfand was controlled by a cooled
studies of InGaN quantum wells have shown that their optiphotoelectric multiplier. The surface morphology and the
cal properties are governed by recombination processes thickness of the layers were investigated by means of a scan-
local regions of elevated In contehEor the system INAIN-  ning electron microscope.

GaN this kind of phase separation has made it possible to The MOVPE preparation of GaAsN solid solutions has
generate optical radiation in the red region of the specttum.the distinctive feature that the growth of GaAs and the

In addition to InGaN-GaN, the constrained GaAsN-GaNgrowth of GaN take place under different conditions. Typical
system has received attention in recent stutliéss charac-  growth temperatures for GaAs aflg=600—750°C for a
terized by a greater mismatch of the lattice parametersatio of group Ill to group V components in the vapor phase

1063-7826/99/33(7)/3/$15.00 728 © 1999 American Institute of Physics
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FIG. 1. Photoluminescence spectra of GaN layers grown in a TBA flux at
various temperatureg1) T,=800 °C; (2) 840 °C; (3) 1040 °C. Measure- )
ment temperatur@ =77 K. of stable polymer products, which lower the growth rate and

obstruct the injection of As.
In the next stage of our investigations we used a 10%

mixture of arsine with hydrogen as the arsenic source. The
equal to 30—100, as opposed to the analogous parameters fmse of AsH was conducive to more controlled growth of
the preparation of high-quality GaN epilayer§;=1030 GaAs layers on GaN. Initially a GaAs layer of thickness
—1080°C at a llI-V ratio of 2000-5000Ref. 6. In the  ~0.6 um was grown on a GaN surface. The GaAs layer had
initial stage of our project, therefore, we began the investi-a polycrystalline structure owing to the large mismatch of the
gation of the injection of As into GaN by growing GaN lattice parameters of GaAs and GaN. The thickness of the
layers at various growth temperatures in a TBA flux of GaAs layer differed in different parts of the sample. After
(1.5-15)x 10~ *mole/min. The procedure entailed, first, the etching of the GaAs in an etchant,80,:H,0,:H,0 =
growth of a virgin (not intentionally dopedGaN layer of 5:1:1 we investigated the photoluminescence of the GaN at
thickness 2.53 um on a sapphire substratand then the different points of the structure surfa¢el, p2, p3) charac-
additional injection of TBA into the reactor. Figure 1 showsterized by different thicknesses of the initially deposited
the photoluminescence spectra of these samples. It is evide®aAs layer(Fig. 2). The effective thickness of the GaAs
from the figure that lowering the temperature under thdayer decreased from poip8 to pointpl. Clearly, the depo-
stated conditions does not significantly alter the edge photasition and subsequent etching of the GaAs significantly re-
luminescence intensityBL), whereas the defect-induced duced the photoluminescence line on the long-wavelength
blue line with a maximum atw=3.25 eV vanishes from the side, the position of the3 band essentially coinciding with
photoluminescence spectrum. Consequently, the opticdhe position of the free-exciton photoluminescence line in the
properties of the GaN layers do not suffer any appreciableinconstrained GaN. The total photoluminescence intensity
degradation. On the other hand, the emergence of new phagearcely changed in this case. Consequently, the deposition
toluminescence lines due to the injection of As atoms is nobf GaAs leads to partial relaxation of the GaN epilayer. The
observed. No changes were observed in the photoluminegffective thickness of the GaN relaxation layer is not smaller

cence spectra of samples grown at lower TBA fluxes. than the thickness at which the He-Cd laser beam is ab-
This result can be explained as follows. The growth ofsorbed:d=0.3um.
the GaAs layefinstead of a GaN- As layen on a GaN layer Since the growth of GaN- As layers simultaneously in

with the injection of an ammonia flux into the reactor hasammonia and arsine fluxes also failed to yield the expected
shown that the growth rate of GaAs at identical growth tem-esults, we employed a different technique for the injection
peratures Ts=800°CQ and TMG fluxes is almost an order of As into GaN, based on the formation of thin GaAs layers
of magnitude higher than the growth rate of GaN. Thisin a GaN host. For this purpose we grew samples in which
means that the thermal decomposition of TBA produces @hin GaAs layerg30 nm and 60 nindeposited on the GaN
quantity of reactable arsenic or its compounds in the vaposurface at 730 °C were overgrown by a GaN layer of thick-
phase far in excess of the quantity of reactable nitrogen gemess~50 nm at 1030 °C. It is important to note that at the
erated by the decomposition of ammonia. Processes of inteindicated growth temperatures the GaN is thermally unstable
action in the vapor phase between the components of group a hydrogen ambient without an ammonia fflikhe GaAs

V elements involving TMG probably results in the formation layer and the subsequent GaN layer were therefore grown in
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an argon ambient. Figure 3 shows the SIMS profile of such a hw, eV
sample with a GaAs layer of thickness 60 nm. It is evident _ o _
that a GaN:As |ayer of thickness400 nm with an average FIG. 4. Photoluminescence spectra of GaN layers with different thicknesses

. 8 3. . of the deposited GaAs layer. Inset: dependence of the total intensities of the
density of As atoms-3x10'®cm* is formed instead of a lines YL, GL, and BL on the intensity of the exciting light bealfy,..

thin GaAs layer in the given structure. We can thereforemeasurement temperatufe= 77 K.

conclude that the diffusion of As atoms either during depo- ) )

sition of the GaAs layer or during high-temperature over-Stresses and leads to partial relaxation of the GaN surface
growth resulted in the formation of a thick As-doped GaN'ayer. The subsequent overgrowth of the thin GaAs layer by
layer. Figure 4 shows the photoluminescence spectra of th@ GaN layer at high temperature produces local GaN:As re-
investigated structure in the intervaw=1.5-3 eV. The gions due to the emergence of a new band in the photolumi-
spectra of these structures acquire a new (iB&) with a  Nescence spectrum with a maximum-&2.5 eV.

maximum at~2.45 eV(Ref. 9, whose intensity increases as 1D, L. Huffaker, G. Park, Z. Zou, O. B. Shchekin, and D. G. Deppe, Appl.
the effective thickness of the deposited GaAs layer increases.phys. Lett.73, 2564 (1998.

It must be noted that this line does not occur in the photolu->Y. Narukawa, Y. Kawakami, M. Funato, S. Fujita, S. Fuijita, and S. Na-
minescence spectra of samples grown at a low temperaturééa‘”\‘(‘;ﬁ:agAl'j’fr']-i PMhyiz;(ia;zQSgsl\llit(t;g?Ip.Takeuchi C. Wetsel. H. Amang
(Fig. 1) and is therefore specifically attributable to the injec- g | axasaki, Appl. Phys. Let?3, 830(19989. Y ‘
tion of As rather than to defects formed as a result of the low4L. Bellaiche, S.-H. Wei, and A. Zunger, Appl. Phys. L&, 3558(1997).
growth temperature. The dependence of the total GL inten>L. J. Guido, P. Mitev, M. Gherasimova, and B. Gaffey, Appl. Phys. Lett.
relaltlonlq,_jPexc (see the Inset in F'Q-)QWh{Ch Is 'pr'cal 7W. V. Lundin, A. S. Usikov, and U. I. Ushakov, M. V. Stepanov, B. V.
for impurity-induced photoluminescengkne intensity YL Pushnyi, N. M. Shmidt, V. Tret'yakov, M. V. Maximov, and A. V. Sa-
Iy ~Pexd and closely resembles the behavior of the photo- kharov, inSeventh European Conference on Metal-Organic Vapour Phase

; ; ; P2 Epitaxy and Related Growth Techniques, EW MOVPE VII, Workshop
luminescence edgéBL edge |n_ten5|t_y,l L~ Peyd. We can  gooklet(Berlin, 1997, F10.
therefore assume that the GL is attributable to recombinatiors; c. zolper, M. H. Crawford, J. Howard, J. Ramer, and S. D. Hersee,

processes in local GaN:As regions. Appl. Phys. Lett.68, 200 (1996.

We have thus investigated the conditions for the injec-gx- Li, S. Kim, E. E. Reuter, S. G. Bishop, and J. J. Coleman, Appl. Phys.
tion of As into GaN layers during MOVPE growth. We have Lett. 72, 1990(1998.
shown that the deposition of GaAs on a GaN surface reduceBanslated by James S. Wood
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SEMICONDUCTORS STRUCTURES, INTERFACES AND SURFACES

Photolectric effects in silicon switching structures utilizing rare-earth fluorides
V. A. Rozhkov*) and M. B. Shalimova
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Fiz. Tekh. Poluprovodr33, 795—800(July 1999

The photoelectric characteristics of silicon metal-insulator-semiconductor switching structures are
investigated; cerium, dysprosium, and erbium fluorides are used for the insulator layer. It is
shown that the photoelectric characteristics of the structures in the low-resistance state are similar
to those of a metaltunneling insulatgrsemiconductor structure; in particular, a mechanism

of injection amplification of the photocurrent comes into play. 1899 American Institute of
Physics[S1063-782809)00807-9

INTRODUCTION of auxiliary light filters and had valueb=7.6x 10'°—4.8
The phenomenon of memory switching of the electricalX 10°°kW/(cn?s). The source of the pulsed monochro-
conductivity, discovered comparatively receftfyin struc- ~ Matic radiation with a wavelength=0.93 um was an AL-
tures with thin-film fluorides of rare-earttRE) elements, _106A _galllum arsenide light-emitting diode. The radiation
opens new pathways to the design of various types ofntensity from the AL-106A LED at_the wavelengi+=0.93 _
switches, reprogrammable memory elements, controls, and™: determined by means of a calibrated LFD-2-A photodi-
other functional devices. In structures utilizing RE fluorides®d®: Was| =3x10" kW/(CmZ'S)' A 40-W incandescent
this phenomenon is typified by a broad range of variates [2MP With a tungsten filament was also used.
much as 10— 10’-fold) of the resistance between the high- ~ Figure 1 shows typical switching current-voltageV)

resistance and low-resistance states, fast switching timg&!rves for the investigated MIS structure preparedidype
(fractions of a microsecond low switching energies silicon substrates. Investigations have shown that the MIS

structures can exist in two stable states with significantly

(~10"8J), high radiation immunity, and a virtually unlim- > )
¢ different resistances areV curves. The as-prepared samples

ited number of switching cycles for the optimal choice o
switching regime. The latter properties make it necessary to
investigate the basic properties of the memory switching ef-

structure were chosen for the experiments. Rare-earth fluo-
ride insulator films of thickness-0.25-0.45 um were pre-
pared by the thermal spraying of powdered gdbyF;, and
ErF; in vacuum. The substrates for the MIS structures were
KEF-5(111) n-type or KDB-4.5100 p-type single-crystal
silicon wafers.

The photoelectric characteristics of the silicon MIS
structures with RE fluorides were investigated both in steady
illumination and in illumination of the structures by mono-
chromatic radiation pulses of various durations. The struc- L

fect in these structures, along with the characteristics of the J,mA
high-resistance and low-resistance states. Accordingly, in the 0.8F D
present article we report a study of the special characteristics
of photoelectric effects in silicon switching structures utiliz- 06k
ing RE fluoride insulator layers. I
0.4 |l
OBJECTS AND PROCEDURE OF THE INVESTIGATIONS l
Samples with a metal-insulator-semiconduct®IS) 0.2k {
|
|
I

| | i
tures used for the measurements came with upper aluminum ~60 60 20 -10 0 20 40

contacts having an are&=2.45< 10" cn?. The structures v,V

were irradiated by an LGN-215 laser with a wavelength - . -

_ . -2 o FIG. 1. Current-voltage characteristics of a silicon MIS structure utilizing a
)\—0-.63 pm and a peam Cross .se.ctlon of 2>630 cnr. rare-earth fluoride elementtAOB) high-resistance state(COD) low-
The intensity of the incident radiation was varied by meansesistance state.

1063-7826/99/33(7)/5/$15.00 731 © 1999 American Institute of Physics
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are in a state with a high resistance of(2)x 10 Q (Fig.

1, line AOB) as long as the voltage, its polarity correspond-
ing to the depletion of majority carriers from the surface of
the semiconductor, does not exceed a threshold vélye
=5-200V (depending on the thickness of the insulator and
its degree of perfection When the threshold voltage is ex-
ceeded, the resistance of the sample drops abruptly, switch-

ing it into a low-resistance state of 4010°Q (Fig. 1, =
branch COD. The structures are switched back to the origi- S 20t
nal high-resistance state upon reversal of the polarity of the
voltage, when the current through the sample attains a value

of 100-600 uA. The reverse switching voltage for different

samples now lies in the rangé&,=3—20V. The structures

exhibit reproducibility through multiple(more than 16)

switchings from one state to the other and back again under 0
both constant and pulsed voltages, both states persisting for a

long time (more than 30 daysat room temperature with the
voltage off.

30

FIG. 3. Capacitance-voltage characteristic of an Al—&giSi MIS struc-
ture in the low-resistance state in darkné€bsand exposed to lighf2).

RESULTS OF THE INVESTIGATIONS AND DISCUSSION

Investigations have showihat the conducting channel
formed in a RE fluoride film in the low-resistance state has dow-resistance state have two distinctive segments. In the
positive temperature coefficient of the resistance combineéhitial segment at/ <V the current through the structure is
with the low resistivity typical of metals. We can assume onlimited by the leakage current through the insulator. At
the basis of this condition that the conducting channel con¥>V*" the photocurrent goes to saturation and the applied
sists mainly of the metal phase. Estimates of the radius of theoltage drops across the space charge region.
conducting channel from the leakage resistance of the silicon ~Figure 3 shows capacitance-voltage-V curves of an
substrates give values of-B um. Al-CeF;—n-Si structure in the low-resistance state in dark-

An analysis of the experimental data shows that wheress and in illumination by an incandescent lamp. The inves-
silicon MIS structures utilizing a RE fluoride insulator tigations show that the increase in the rate of generation of
switches to the low-resistance state, their electrical charadninority carriers in the illuminated structure leads to satura-
teristics change considerably, exhibiting dependences simildion of the surface density of minority carriers. In this case
to those typical of metal-tunnel insulator-semiconductorthe transition of theC-V curve into the nonequilibrium deple-
(MTIS) structure$:® Figure 2 shows the reverse branches oftion regime, when the silicon region contains a depletion
the I-V curves of Al-Cek—n-Si structures in the low- layer whose thickness increases as the voltage on the struc-
resistance state, measured in steady illumination. e ture is increased, takes place at higher reverse bias voltages
curves of illuminated MIS structures with RE fluorides in the (V>V®) than in darkness.

The general neutrality equation for an MTIS structure,
taking into account the distribution of the voltageapplied
to the structure, the voltage drops in the insulatbelectrig
-3 V4 and in the semiconductdfs, and the voltage across the
load resistanc#/, , can be written in the fornfor an MIS
structure with am-type substrate(Refs. 6 and ¥

KT qno'—o(ps
V=—ys—V, — =
q Ys— VL Cs |ng

1/2
ys_l) +Veg, 1)
where Vg is the flat-band potential, the plus sign corre-
7 sponds to enriching initial band bending;=qVs/KT is the
dimensionless surface potenti&, is the specific capaci-
tance of the insulatom, is the density of electrons in the
[T S S N R T bulk of the semiconductops is the surface density of holes,
0 8 16 yer 3z 40 48 andLp=(geskT/29°ny) Y2 is the Debye shielding length.
vy v An analysis shows' that for a certain reverse biag™
FIG. 2. Current-voltage characteristics of an Al structure in the the surface density of minority carrieiioleg ps in an
o rosistance Stateygi’”ummated by & steay "grﬁom‘;o‘fm m. MTIS structure saturates, and a further increase in the gate
Luminous flux density: (1) 7.6x10' kw/(cn?-s); (2) 25  Voltage does not increase the charge of the inversion layer.
X 10'® KW/ (cné-s). The saturation condition is written in the fofrh
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KT qnolp [ 41* 12 reverse bias and the illumination intensity are incregd$ed
VO=—ys— c = —Vs| —V.FVgz, 2 MTIS structures with am-type substrate The photocurrent
q d \DpVpno of majority carriers becomes commensurate with or greater

wherel* is the light-generated flux of electron-hole pawss, than the current of minority carriers, signifying an amplifi-

is the thermal velocity of holes, arﬁp is the hole tunneling cation regime. . . L .
transmissivity. Data obtained for various illumination intensities from

Using the procedure described in Ref. 7, for the investj.neasurements of the saturation photocurrent give a maxi-

gated structures we obtain the following values of the volt-Mum current-power sen5|t|V|ty0.7_A/ W a_\t a wavelength of
age drops on different regions of the structurevat The 0.63 um. The parameters of the investigated structures are
voltage drop across the depletion layer is nonoptimal in this case: Part of the surface of the structure is

covered by the measurement probe, and approximately 40—
90% of the radiation incident on the structure is reflected by
the metal electrode. For photoelectric devices with optimal
parameters and zero photocurrent amplification the maxi-
mum current-power sensitivity for the given wavelength is
qnolp [ 41* 172 0.4 A/W. This result indicates amplification of the photocur-
Va=—¢ (m‘k) ~1.4-10.7V. rent in the investigated structures.
d pYpllo i i i
We have investigated the form of the photoresponse ki-
The following quantities, consistent with the given experi-netics of MIS structures utilizing RE fluorides in the low-
ment, are used for the estimates: resistance stage with illumination of the structures by mono-
_ 6 8 chromatic radiation pulses of various durations. We have
| =7.6x10°°- 4.8< 10w/ (en - s), established that the kinetic characteristics of the photocurrent
|* =8.4x 10— 5.3x 10 cm™2s71: Jpn(t) with a reverse bia¥ = —32V applied to the structure
are well approximated by hyperbolic functions of the form

kT

the voltage drop across the insulator is

D,=10"% Cy=2x10 ®Flen?; V,=10"cm/s;

1
ne=9x10%cm=3 Lp=9.68<10 %cm. 1—m’
The specific capacitance of the insulatdg in the given Jpr()=q 1" MpA 1 ©)
structures is approximately two orders of magnitude smaller _—
than in MTIS structures with identical thickness of the (1+t/7)?

tunneling-thin insulator over the entire area of the structureyhere the first equation corresponds to illumination being
This characteristic is associated with the local nature of thg,rned on at the time=0, the second equation corresponds
variations occurring in the insulator layer beneath the uppey jis being turned off at=0, M = (J,+J,)/J, is the gain
sprayed-on contact after switching of the MIS structure intoyf the photocurrent for structures with artype substrate],

the low-resistance state. The thickness of the tunneling-thigy he photocurrent of majority carriefslectrons, J, is the
insulator layerd was estimated from the difference in the photocurrent of minority carrieréholes, and, is a charac-

capacitances of the MIS structure in the high-resistance angyistic relaxation time, which is given by the expression
low-resistance states equal to-15 pF. Experimental studies

have shown that the tunneling-thin insulator layer of thick- 2LD(no)1’2
nessd=10—40A is formed only in the region of a conduct- Td:[so exp(yQ)1¥]¥2 )
ing channel of small radius-1-5 um at the interface be- pe S
tween the semiconductor and the material of the conductingiere
channel; the rest of the insulator beneath the contact remains 1 _
unchanged and preserves the original thicknes3.25 Spe:(ZVpr
—0.45 um.
The experimentally determined value @f" is 0.5-37 s the effective rate of emission of holes from the semicon-
V, where now the voltage drop across the load resistancductor into the metal; the superscript O corresponds to non-
R =2-10kQ is equal toV =0.1-20V. It follows from illumination at the initial time.
Eq. (2) that the absolute value & increases with intensity We know?® that the nature of the photoresponse kinetics
of the incident radiation*, as indeed we have observed of MTIS structures can differ. If the rate of tunneling trans-
experimentally(Fig. 2). port of charge carriers through the insulator is greater than
Under the experimental conditions, therefore, we entheir recombination rate, the factors governing the photore-
counter the situation where a substantial part of the voltageponse time in the structure are the same ag-n junc-
applied to the MTIS structure falls across the insulator. Ations. In structures where the photoresponse time is governed
specific energy band diagram of the MIS structingth a by the accumulation time of minority carriers in the surface
tunneling-thin insulatgrcan be achieved in this case, with potential well, amplification of the photocurrent, which is
internal amplification of the photocurrent. The investigateddetected from the specific form of the photoresponse kinetics
case is characterized by an increase in the current of eleend a rise in the photocurrent, can be observed. In the latter
trons tunneling from the metal into the semiconductor as thease the relaxation time decreases as the illumination inten-

exp(—Ys)
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FIG. 4. Oscillograms of the photoresponse of an Al-pyp-Si MIS struc- 'S zr
ture in the low-resistance state for various radiation intensities at the wave- S -
lengthA=0.93 um: (1) I4; (2) I5; (3) I3; 11>1,>14.
7 —
sity is increased, corroborating the photoresponse oscillo- ol
grams shown in Fig. 4 for MIS structures with RE fluorides P el FET E SR M|
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in the low-resistance state. £ s
A previous analysiSof relaxation effects in MTIS struc- I
r hows that th tal current density through an MTI
tures sho 'Sh at the to ab curre d de de ! OhUQ a f h%IG. 5. Photoresponse kinetics of an Al-Gep-Si MIS structure in the
SFrUCture with am-type substrate _epen sont e_sum 0 _t Bow-resistance state, illuminated by radiation pulses of different durations:
displacement current and the ohmic current density of minor¢a) »=700 us; (b) =25 us. The arrows indicate the values of the photo-
ity carriers(holes: currents:(@) Jpn(«0); (b) Jpn(0).

dE
Ipn(D) =085~ +ASpeAP* (1), ®)

on the photoresponse oscillograms. Figure 5a shows a total
whereEg is the electric field on the surface of the semicon-oscillogram of the photocurrent for an Al-CgFh-Si struc-
ductor, andAp* is the light-induced increment of the surface ture in the low-resistance state illuminated by a rectangular
nonequilibrium hole density. When the photocurrent is am{ight pulse with a constant voltagé= — 32V applied to the
plified, the presence of a current of majority carriers must be&tructure. Figure 5b shows the same characteristic for an il-
taken into account in Eq5); for MTIS structures with an  Juminating pulse of shorter duration, providing a means for
n-Si substrate the current in question is electronic. The curexamining in closer detail the initial and final current spikes

rent density is then described by the relation of a purely capacitative character. This current is described
dEs by the expressiod,(0)=qAl*=1.3uA and is equal to the
Jph(t)zsossw+quhSpeAp*(t). (6) minority carrier photogeneration current. It stabilizes in a

time much shorter than, and is determined by the larger of
For large photocurrent gaindl,,>1 the first term on the the quantities: the carrier transit time through the space
right-hand side of Eq(6) can be disregarded, whereupon thecharge region or the produ&C (whereR is the load resis-
equation of continuity for the flux of minority carriers can be tance, andC is the capacitance of the structure and the con-
taken into account to obtain Eg3), which describes the necting wireg. The saturation photocurredy (=) is greater
kinetic characteristics of the investigated MIS structures inthanJ,,(0), implying the onset of the photocurrent amplifi-
the low-resistance state. It is assumed here that inversion aftion regime. The possibility of separating the majority and
the conductivity takes place, and that the minority carrieraminority carrier currents in time enables us to calculate di-
are nondegenerate on the surface of the semicondUdtue.  rectly from the photocurrent kinetics the gain of the photo-
experimental photoresponse characteristics are therefore aurrent in the structure as the ratio of the total amplitude of
agreement with the theoretical relations. the photoresponsg,(«) representing the sum of the major-
An investigation of the kinetic photoresponse characterity and minority carrier currents to the amplitude of the ini-
istics shows that capacitative current segments associatéidl segment of the photocurredy,(0). For thecharacteristic
with the switching off and on of illumination are discernible shown in Fig. 5 the gain i#1,,=13. The maximum photo-
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current gain isM ,,= 49 andM ,,= 34 for structures utilizing mentioned previously) the replacement of the metal elec-
p-type andn-type silicon, respectively. trode in an MTIS structure by a highly doped semiconductor

At an illumination intensityl =3x 10" kW/(cn?-s) the ~ produces a semiconductor-tunneling insulator-semiconductor
maximum current-power sensitivity is 0.5 A/W at a wave- (STIS structure. The amplification effect can now be
length of 0.93um. The allowance for light losses in reflec- achieved only in isotypical STIS structures, because the tun-
tion from the surface of the investigated structure for theneling current of majority carriers is obstructed in anisotypi-
quantum efficiency in silicony=0.3 gives a value of the cal STIS structures. Since photocurrent amplification in the
photocurrent of electron-hole pairs generated by light peinvestigated MIS structures in the low-resistance state occurs
unit time 1* =3.3x10%cm™2.s™ 1. Accordingly, the capaci- ©On structures with bottp-type andn-type substrates, it is
tative current isJp,(0)=qAlI* =1.3X 10 8 A, which agrees justified to assume that the material of the conducting chan-
with the experimental results. It must be noted that @y. nel has a metallic nature.
describes only the ohmic through current, which is equal to ~ The reported investigations thus demonstrate the feasi-
zero when the illumination is turned on at the initial time. bility of using silicon MIS structures with RE fluorides as
The relaxation time can be determined from the photore€lectrical switches and photodetectors with internal amplifi-
sponse kinetics of silicon MIS structures utilizing RE fluo- cation of the photocurrent.
rides in the low-resistance statgg=50—450us for p-type

and Trel™ 30— 180,(1,5 for n-type Si Samples. Since *)E-mail: rozhkov@ssu.samara, ru
0 0 1—
Speequs) = ZD pr ’ (7)
V. A. Rozhkov and M. B. Shalimova, Pis’'ma Zh. Tekh. FIB(5), 74
we obtain the following relation by substituting E() into (1992 [Sov. Tech. Phys. Lettl8, 157(1992)].
(4): 2V. A. Rozhkov and M. B. Shalimova, Fiz. Tekh. Poluprovo@T, 438
(1993 [Semiconductor®7, 245 (1993].
16'_2” 3V. A. Rozhkov and N. N. Romanenko, Pis'ma Zh. Tekh. Fi®22), 6
D.— Do ®) (1993 [Tech. Phys. Lett19, 704 (1993].
p 7.gvp|* 4V. A. Rozhkov and M. B. Shalimova, Pis’'ma Zh. Tekh. F22(16), 92

(1998 [Tech. Phys. Lett24, 663(1998].

Equation (8) can be used to determine the hole tunneling °V. A. Rozhkov and M. B. Shalimova, Fiz. Tekh. Poluprovoda, 1349

L . (1998 [Semiconductor82, 1201(1998].
transmissivityD , for a structure with am-type substrate and s, v, Vul', S. V. Kozyrev, and V. I. Fedorov, Fiz. Tekh. Poluprovodn.

the electron tunneling transmissiviy, for a structure with 15, 142(1981) [Sov. Phys. Semicond5, 83 (1981)].

ap-type substrate. The tunneling transmissivities determined A Ya Vul’, V. I Fedorov, Yu. F. Biryulin, Yu. S. Zinchik, S. V.
Kozyrev, I. |. Sddashov, and K. V. Sanin, Fiz. Tekh. Poluprovods,

. . . - . — _ 711 78
in thE way lie in the interval®,=2.7x10"--2.2x10 525 (1980 [Sov. Phys. Semiconds5, 297 (1980)].
andD,=1.7x10 19— 4.7x 10 8. According to Eq.(8), the 8A. Ya. Vul', A. T. Dideikin, and S. V. Kozyrev, inPhotodetectors and
relaxa?ion time increases as the tunneling transmissivity for,”notoransducerfin Russiad, Nauka, Leningrad1988, p. 105.

. . . 9 y 9A. Ya. Vul', A. T. Dideikin, Yu. S. Zinchik, K. V. Sanin, and A. V.
minority carriers decreases. Sachenko, Fiz. Tekh. Poluprovodh7, 1471 (1983 [Sov. Phys. Semi-

In the situation investigated here the conducting channel cond.17, 933(1983].
. . . . . .10 ’ H

formed in the insulator film in the low-resistance state is E*S-Ya-;/hu' agd A V. 3?170“896”5'<E’1v9'23]Tekh- Poluprovodr¥, 1361(1983
simultaneously the upper current input contact to the MTIS >0 TS Semiconas :
structure and influences its photoelectric characteristics. A%ranslated by James S. Wood
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Heterostructures are prepared by the vacuum thermal evaporation ¢hifdsto heated

p-CulnSe substrates. An D5 layer is deposited on the wide-gap component of each structure
by magnetron sputtering. The photosensitivity of the heterostructures in ambient light and

in linearly polarized radiation is investigated. The photosensitivity of higher-quality structures
attains 80 mA/W afl =300 K. The heterostructures exhibit induced photopleochroism,

and the laws governing its angular and spectral dependences are discussed. It is concluded that
the prepared heterostructures have possible applications as narrowly selective
photoanalyzers of linearly polarized radiation. 1®99 American Institute of Physics.
[S1063-782629)00907-2

Ternary AB"'C)' semiconductors with a chalcopyrite (I-V) characteristic of one of the finished heterostructures;
lattice are finding ever-increasing applications in designs ofhe direction of the through current always corresponds to
various types of high-efficiency photoconversion devicés. positive polarity of the external bias on tipeCulnSe. The
A CdS/CulnSe barrier has already demonstrated the capaforward branch of thé—V characteristic at) >1 V obeys the
bility of achieving 18% solar cell efficiencyIn this paper equation
we give the results of first-time investigations of the polar- |=(U=Uy)/R )
ization photosensitivity of such heterostructures fabricated 0770,
with an In,O5 antireflection coating. where Ry is the residual resistance, andy is the cutoff

Polycrystalline CulnSgingots prepared by direct fusion voltage. For our heterostructures we hdg=200—500()
of the 99.999 wt. % pure raw elements were used to build thendU,=0.8V atT=300 K. The reverse current of the het-
heterostructures. The synthesis operation took place ierostructures increases directly as the voltage up to 1V, and
evacuated quartz cells, and an electrically homogeneous sutien soft breakdown sets in &t>1 V.
stance with a free-hole density of approximately 2 The illumination of a heterostructure from the®y side
x10%%cm™2 and a Hall mobility of 25cf(V-s) at T  induces the photovoltaic effect, positive polarity of the pho-
=300 K was obtained by dosing the composition with excessovoltage corresponding tp-CulnSe, consistent with the
selenium. The unit cell parameters of the grown crystaldirection of rectification. The voltage photosensitivity of su-

matched the established values for Culn8eef. 4. perior heterostructures attains 10 V/W, and the current pho-
The synthesized dense CulgSagots (up to 10cm in  tosensitivity attains 80 mA/W af =300 K.
length and up to 12mm in diamejewere cut into disks, Figure 2 shows typical spectral curves of the relative

whose surfaces were polished mechanically, then chemguantum efficiency of photoconversiarfor selected hetero-
cally, and were carefully washed and dried. Cadmium sulfidestructures in ambient light atT=300K. The long-
layers were deposited by thermal spraying in vacuum from avavelength edge of the photosensitivity for all the hetero-
powdered mixture of CdS and InS in suitable proportion.structures is exponential and corresponds to a steep slope
The layers were deposited on heaté80—-450 °Q CulnSeg = d(Inn)ld(hw), which varies in the interval 60120eV !
substrates. This technique produced CdS layers with freder our heterostructures, corresponding to the character of
electron densities from #bcm 2 to 10°cm 2 at thick- meson transitions in CulnSéRef. 5. The energy position
nesses of 34 um. The attained doping level of the layers of the long-wavelength edge of the photosensitivjtior the
involved the dissolution of indium in the CdS. Layers of investigated structure lies within the neighborhood of the
In,O5 approximately 1um thick were deposited on the sur- band gapEg of CulnSe and can be identified with direct
face of the CdS by the magnetron sputtering of a pure indiunmeson transitions in this semiconductddowever, the spec-
target in an oxygen-containing atmosphere. A gold fingetral profile of the short-wavelength decay of the photosensi-
array was then deposited on the,@3 surface by vacuum tivity (A w>Eg) in our heterostructures differs considerably
evaporation and a solid gold layer of thickness up tar@  (Fig. 2, curvesl1-4), producing variations in the width
was deposited on the back surface of the disks. The activgdeWHM) &, of the spectral bands of from 20 meV to
area of the resulting heterostructures attainedl12 cnf. 400 meV in different heterostructures. For heterostructures
Figure 1 shows a typical steady-state current-voltagevith the broadest-band photosensitivity spectrifig. 2,

1063-7826/99/33(7)/4/$15.00 736 © 1999 American Institute of Physics
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FIG. 2. Spectral curves of the relative quantum efficiency of photoconver-
sion of In,O5/CdS/CulnSg heterostructures at=300 K. Samples(1) No.

6; (2) No. 1;(3) No. 7; (4) No. 10-1. lllumination by unpolarized radiation
from the In,O; side. Density of electrons in the CdS layerdat300 K: (1)
n=2x10"%° cm™%; (2) 0.8x10° % ecm™%; (3) 0.5x10°*° cm™3; (4) 0.15
X1071° em™3.

_5...

FIG. 1. Steady-staté—V characteristic of an yD;/CdS/CulnSg hetero- When a heterostructure is illuminated by Iinearly polar-
structure aff =300 K. Positive polarity of the external bias corresponds to .

CulnSe. ized radiation along the normal to the frontal plane of the
In,O; (angle of incidenc&®=0°), the photosensitivity of all
the synthesized heterostructures is independent of the posi-

curve4) the energy position of the absolute maximdima,;, tion of the electric field vector of the light wave relative to

coincides with the value oE for CulnSe (Ref. 4. the plane of incidence of the radiation over the entire range
As the Short_wave'ength decay inntensiﬁes and§1/2 of phOtosenSItIVIty(Flg 3) This fact is dictated by the pOly-

decreases accordingly, the absolute photosensitivity maxkrystalline character of the substrates andredS layers,

mum shifts toward longer wavelengths. We notice that oncavhich washes out the natural photopleochroism of the

# w,,, becomes smaller than the valuef§ for CulnSe, the semiconductors.Under off-normal conditions®>0°, a dif-

short-wavelength decay af becomes practically exponen- ference occurs in the photocurrents for fhands polariza-

tial up to photon energies close E; (Fig. 2, curvesl-3).  tions,iP>i® (Fig. 3, curvesl, 1" and2, 2). As a result, the

Bearing in mind that the geometrical parameters of the widelnduced photopleochroism

gap components in the investigated heterostructures are simi- P,=(iP—iS)/(iP+iS) %)

. L. |

lar, we have a basis for linking the steep short-wavelength

decay ofn to predominant localization of the active zone of acquires a nonzero value over the entire photosensitivity

the heterostructure in the CulnSas a result of differences range. The dependence Bf on the angle of incidenc® in

in the doping levels of the substrates and the @JSThe the investigated heterostructures is characterized by a square

short-wavelength decay of the photosensitivity for the law P,~®?2 over the entire photosensitivity rangEig. 3,

spectra in Fig. 2 was found to decrease with decreasing dewrurves3 and4), which is consistent with Ref. 7 and permits

sity of electrons in the Cd#) layers. P, to be smoothly controlled by varyin@.
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FIG. 4. Spectral curves of the induced photopleochroism of
In,05/[1]CdS[1]CulnSe heterostructures ak=300 K, ®=75°. Samples:
(1) No. 7;(2) No. 3;(3) No. 10-1.

tions of the parameters of the transmission-enhan¢ng-
reflection layers in such heterostructures.
It is important to emphasize that only in the vicinity of
energies corresponding to maximamf are the angular de-
0, deg. pendences of the photocurrents qualitatively consistent with
FIG. 3. Dependence of the photocurreiistL, 1) andi® (2, 2) and the the results of analysis of the transmission of a light wave
y ' ’ across an interface between two media on the basis of the

induced photopleochroisii8, 4) on the angle of incidence of linearly polar- ; 14 . .
ized radiation for InO,/CdS/CulnSg heterostructures at=300 K. Sample ~ Fresnel equations:**In this case, as the ang® increases,

No. 7, wavelengths(1, 2, 3 A=1.160um (1, 2', 4) A=0.994 um. the photocurrent? increases at first, passes through a maxi-
mum in the vicinity of the pseudo-Brewster angle, and only
then does it decrease, whdrfedecreases monotonically as

Figure 4 shows typical spectral curves of the inducedhe angle of incidence increaséSig. 3, curvesl and 1').
photopleochroism for several heterostructures. It followsThe attendant increase i characterizes hO; layers as
from this figure that the induced photopleochroism of suchreasonably perfect and indicates a reduction of losses in re-
structures can exhibit oscillations or remain constant. Thédlection of thep wave. The observed differences in the an-
presence of oscillations and variations Bf among the in- gular dependences of the photocurrents have the effect that
vestigated heterostructures having the same ajrinter-  their polarization differencai=iP—i® and, hence, the coef-
face, across which radiation enters into the active zone of thécient P, itself reach their maximum values.
heterostructure, comes into conflict with the analysis in Ref. ~ With an increase in the distance of the incident photon

7. An estimate of the induced photopleochroism on the basienergy from the point corresponding to the maximum of the

of Ref. 7 and the refractive index=2.14 for In,O3 (Ref. § P, spectraFig. 4, curvesl and2) the angular dependence of

in such structures yields a value of 36—38&=75°. The i exhibits a fundamental departure from the position Sof
experimental values d?, come close to this limit only in the predicted on the basis of the Fresnel equatidng. 3, curve
long-wavelength region and only for certain representative®). The differences are greatest in the vicinity of the energy
of our structures(Fig. 4). Similar features have been ob- of the minimum in theP, spectrum and lie in the fact that the
served previously in other types of heterostructures and aphotocurreni®, coming into closest approach it®, exhibits
tributed to interference effects 12 The occurrence of pho- an angular dependence with a maximum, similai®toThe
topleochroism oscillations for the heterostructures in theemergence of th®, minima indicates a reduction of reflec-
present study is most likely associated with the interferencéion losses not only for the wave, but also for the wave.

of radiation in the IpO; layers. The differences in the am- This merging ofi® andi® (Fig. 3, curve2 and2’) naturally

plitudes of the oscillations and the energy positions of thecauses the induced photopleochroism, like to attain a

extrema ofP, (Fig. 4) in this case are indicative of oscilla- minimum.
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It is shown that photosensitive Agi8:/(InSe, GaSgheterojunctions can be fabricated using

bulk crystals grown from the melt and from the vapor phase or polycrystalline thin films of the
ternary compound prepared by pulsed laser evaporation. The spectral curves of the
photosensitivity of the heterojunctions are investigated as a function of the photodetection
geometry. It is concluded that the resulting structure have a promising potential as wideband and
selective photodetectors. @999 American Institute of Physid$1063-782809)01007-9

INTRODUCTION of 5X3X3 mm. These crystals also haetype conductivity

. . 8 _3 oy
Ternary AB”'C\Z" semiconductors are enjoying ever- with an electron density-6x 10'8cm™2 and a mobility of

growing applications as components of highly efficiént 10- 2_0 cnt/(V-s). o i ]
~18%), stable solar cells=® The parameters of these mate- _ SinNgle-phase AgkBy thin films with thicknesses of

rials are controlled primarily by varying the composition of 0-6—0.8 um were prepared by pulsed laser evaporation of
solid solutions of the compoundsS. In sections of the bulk crystals onto glass substrates, whose temperature
A'-B" - systems, however, together withB{Cy' com- ~ was maintained close to 780K during depositidnke the
pounds there exist ordered phases with the general formuld®!lk crystals, the films had-type conductivity.
ABCY' and ABLCY' (Refs. 3, 6, and 7, which should also ~ To create photosensitive Agl§s structures, we ex-
be treated as an effective approach to the synthesis of matglored the possibilities of forming direct optical contact of
rials with the required properties. The physical properties othe surfaces of the bulk crystals and the thin films with the
these phases have not been adequately studied to date, ssuifaces of natural chips of layered InSe and GaSe semicon-
for this reason their practical potential has not been revealeductor material$? These crystals were grown by the ori-
to the fullest. ented crystallization of corresponding IlI-VI melts of near-
The present paper is aimed in this direction and represtoichiometric composition and haetype conductivity with
sents a feasibility study of the fabrication of photosensitivean electron densitp~10"cm~2 at 300 K. After grinding
structures utilizing one such phase, Agdg, prepared in the and polishing, the surfaces of the bulk Ag8j crystals were
form of bulk crystals and thin films. Here we give the resultstreated in a polishing etchant, whereas after deposition of the
of first investigations of the photoelectric properties of sev-thin films on glass their outer surfaces were mirror-smooth,
eral types of AglgSg heterojunctions and discuss their pos- and further treatment was unnecessary. Indium was used for

sible applications. the ohmic contacts to the Agi8g and I11-VI semiconduc-
tors. The AglRSg and 111-VI wafers joined in direct optical
EXPERIMENTAL PART contact were placed in a special holder, which fixed the po-

Single crystals of AgleS; were grown by two different  Sition of this contact and permitted the structures to be illu-
techniques. One was based on the oriented crystallization ghinated from either the Agh$; or the IlI-VI side. The
a melt of stoichiometric compositidchSuch crystals in the spectral dependences of the relative quantum efficiency of
virgin state haven-type conductivity with an electron density photoconversiom, calculated as the ratio of the short-circuit
of (2—5)x10®%cm 3 and a Hall mobility of 46-60  photocurrent to the number of incident photons, were mea-
cmZ/(V~s) at a temperature of 300 K. The second preparasured in constant and modulated 20 H2 radiation using an
tion technique involved a vapor-transport process using ioSPM-2 monochromator with a quartz prism. A spectral reso-
dine as the carrier and was capable of producing crystalkition ~0.5 meV was achieved in the reported measure-
having a natural prismatic faceting with average dimensionsnents.

1063-7826/99/33(7)/4/$15.00 740 © 1999 American Institute of Physics
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TABLE |. Photoelectric properties of heterojunctions at 300 K.
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Preparation of d, Ry, lllumination from AglnSg side lllumination from InSe side

AglnsS; by: pum Q Sy, ho, S, S1/25 Su, ho, S, 8125
VIW eV eVl mevV | VW eV eVl meV

Laser evaporation 0.65 >410° 15 1.25 70 840 5 1.215 66 40

onto glass

Oriented 140 & 10 30 1.252 58 560 10 1.215 60 25

crystallization

Vapor-phase method 80 »10° 31 1.82 45 180 3 1.21 50 50

RESULTS AND DISCUSSION

Investigations of the steady-state current-voltéigeV)
curves of the heterojunctions made frontype AglinSg thin
films andn-type llI-VI wafers consistently disclosed recti-
fication. The forward conducting direction in such hetero-
junctions corresponds to positive polarity of the Il1-VI semi-
conductors, and the rectification factor at voltages 2 V

does not exceed 10 in the best structures. The forward brancgi

of the 1-V curve atU>2 is characterized by the relation
U=Upy+1-Ry, 1)

where the cutoff voltage i5;~0.2—0.6 V, and the residual
resistanceR, (see Table )l depends heavily on the method
used to prepare the ternary compound. This dependence st
gests an interrelationship between the electrical properties «
the compound and the technological conditions.

Illumination of the investigated heterojunctions induces
a photovoltaic effect, where the sign of the photovoltage is
independent of the illumination geometry and is preservec
over the entire photosensitivity range of such heterojunc
tions. This fact justifies the assumption that the only active
zone in such structures is the heterointerface formed by th
optical contact created between the ternary and binary cha
cogenides. Table | gives the values of the maximum voltag:
photosensitivityS, for AglnsSg/InSe heterojunctions. It is
evident that the photosensitivity in such heterojunctions is
higher in illumination from the AglgS; side, consistent with
the ratio between the widths of the band g&ps of these
semiconductor$! For AginsSg/GaSe structures we have at-
tained similar values 0§, the only difference being that
now the photosensitivity begins to dominate in illumination
of the heterojunction from the GaSe side. This result is
mainly attributable to the interrelationship between the fun-
damental properties of the phases.

Typical spectral curves of the relative quantum effi-
ciency of photoconversiom for AglnsSg/InSe heterojunc-
tions exhibit a dependence not only on the photodetectiol
geometry, but also on the technological conditions attendin
the preparation of the ternary compougidgs. 1 and 2 and
Table ). For example, when a heterojunction is illuminated
from the InSe side, the long-wavelength edgenab expo-
nential in all the structures and has a slof@

1, arb. units

1.0

e
—

0.01

A

heterojunctions of this type and does not depend on the
AgInsSg growth technology. When an AgiBs/InSe hetero-
junction is illuminated from the Agls side, owing to the
elimination of absorption in the InSe, the long-wavelength
edge of the photosensitivity curve shifts into the short-
. wavelength spectral region, and the photosensitivity maxi-
mum is attained at w~Ey (InSe). The width(FWHM) &y,

the 7 spectra increases significantly in this photodetection
ometry(Figs. 1 and 2, curve8 and3, and Table ). Con-

4
1.70

i H

1.5

2.5
o, eV

= d(Inn)/8hw), since it is determined by direct interband FIG. 1. Spectral the relati wum effici  ohot _
e . _ . 1. Spectral curve of the relative quantum efficiency of photoconversion
transitions in the InS& The abrupt drop oétaon the short n of a thin-film AglnsSg/InSe heterojunction at 300 K, illuminated from:

wavelength side fofiw>1.215 eV is attributable to the in- ) the Inse side(2) the AginS; side. The film was prepared by laser
fluence of radiation absorption in the InSe. It is typical of all evaporation.
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FIG. 2. Spectral curves of for a bulk-crystal AglRSg/InSe heterojunction
at 300 K, illuminated from:1) the InSe sidef2) the AginsSg side. The ho, eV
crystal was prepared byi, 2) oriented crystallization(3) the vapor-phase
method. FIG. 3. Spectral curves for bulk-crystal AgB/GaSe(1, 2) and thin-film

AgInsSg/GaSe(3) heterojunctions. The crystal was prepared by the vapor-
phase method, and illumination is frortt) the side of the AglgSg thin

sequently, the window effect typical of near-perfect heterodilm: (2) the GaSe side.
junctions occurs in our prepared structutes.
The widest-band photosensitivity is attained in hetero-
junctions prepared from Agy%s thin films (Fig. 1, curve2).  the previous types of structurébigs. 1 and 2, curve®),
The maximum ofz in such heterojunctiongiw~1.7 eV, is  dominates in such heterojunctions with illumination from the
close to the gapEg of bulk crystals of the ternary AginsSg side, whereas the contribution of absorption of the
compound For this reason, the short-wavelength decayjof narrow-gap component InSe is reduced more thahfdld
in the illumination of AglSg/InSe structures from the (Fig. 2, curve2 and3). It is also important to note that the
AgInsS; side must be attributed to the influence of absorp-maximum of % in heterojunctions utilizing the highest-
tion in the laser-evaporated Agi®; thin film. resistance vapor-phase crystdle=1.82 eV, corresponds to
The short-wavelength decay of for Aw>1.7 eV be- the interval of abrupt decay of the photosensitivity of hetero-
comes steeper In heterojunctions utilizing bulk Agsn  junctions made from the lower-resistance Agn The ob-
crystals grown by oriented crystallizatidfig. 2, curve2). served transformation in the spectramfdepending on the
This situation is induced by a marked increase in absorptiotechnology of preparation of the ternary compoyfrdys. 1
in the AglnsSg crystal when its thickness is increased moreand 2, can be qualitatively explained by taking into account
than 1G-fold relative to the laser-deposited film. We also the variation of the electrical properties of Ag8y, which
emphasize the coincidence of the energy positions of theauses an ever-greater portion of the active zone of the het-
short-wavelength decays af in such heterojunctions, lead- erojunction to be localized in the bulk of the AgBy as the
ing to the important conclusion that the gdps in the bulk  resistance of the latter increases relative to the InSe.
AgInsSg crystal and in the thin film prepared from it are When InSe is replaced by the wider-gap compound
close to one another. GaSe, the role of the wide-gap component begins to be taken
For heterojunctions of this type with a bulk AglB;  over by gallium arsenide. Figure 3 shows typical spectra of
crystal obtained from the vapor phase the spectral profile ofor AginsSg/GaSe heterojunctions. In a structure made from
7 exhibits a major changérig. 2, curve3) from the one vapor-phase crystals and illuminated from the A@nside
discussed above. In fact, the photosensitivity in such heteraghe photosensitivity spectruriirig. 3, curvel) is similar to
junctions illuminated from the Agh$; side, in contrast with  the characteristic spectrum for AglBs/InSe (Fig. 2, curve
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FIG. 4. Photosensitivity of AgkBs/InSe (1) and AginS;/GaSe(2) hetero-
junctions at 300 K. lllumination is from the AgiBs side, and the AgliSg
crystal was prepared by the vapor-phase method.

3), because it is governed mainly by absorption in the same,

AginsSg wafer. Despite differences in the atomic composi-
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erojunctions and exhibit satisfactory agreement \th for
AgInsSg (Ref. 8. In heterojunctions utilizing laser-deposited
AglngSg films, the cutoff energy for both photodetection ge-
ometries is determined by interband transitions in the GaSe
(Fig. 3, curve3), owing to the substantial difference in the
doping levels of the contacting substances and, accordingly,
the predominant localization of the active zone in the GaSe.

It should be noted that the photoelectric parameters of
the prepared heterojunctions do not exhibit any degradation
effects and can be used for nondestructive diagnostics of the
homogeneity of the photoelectric parameters of the new
semiconductor AglgSg by decreasing the area of the 1l1-VI
wafer and positioning it at different points of the surface of
films and bulk crystals of the semiconductdr.

Polarization studies of the sensitivity of Ag8s/111-VI
thin-film heterojunctions show that natural photopleochroism
is not observed in such structures, and that the polarimetric
photodetection regime can be implemented in structures pre-
pared on specially oriented single crystals or with the oblique
incidence of radiation.

Consequently, easily fabricated Ag8/IlI-VI struc-
tures have potential practical applications as finely selective,
wideband photodetectors of natural radiation.
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Zinc telluride epilayers and CdZnTe/ZnTe quantum wells grown by molecular-beam
epitaxy on GaAs (100) substrates using solid-phase crystallization of an amorphous
ZnTe seed layer

V. I. Kozlovski ,*) A. B. Krysa, Yu. G. Sadofev, and A. G. Tur'yanski

P. N. Lebedev Physics Institute, Russian Academy of Sciences, 117924 Moscow, Russia
(Submitted December 8, 1998; accepted for publication December 29) 1998
Fiz. Tekh. Poluprovodr33, 810—814(July 1999

The deposition of an amorphous ZnTe seed layer of thickness 10 nm and its subsequent solid-
phase crystallization are implemented prior to the start of molecular-beam epitaxy of

ZnTe layers on GaA&00) substrates. RHEED patterns from the growth surface of the samples
during epitaxy confirm that the formation of three-dimensional nucleation centers is

successfully eliminated by this technique, and two-dimensional growth in the early stage of
epitaxy is achieved. Cathodoluminescence and x-ray structural analyses indicate a higher quality
on the part of ZnTe layers grown with the application of an amorphous ZnTe layer.
Quantum-well ZnCdTe/ZnTe structures that emit efficiently in the green region of the spectrum
can be grown by optimizing the epitaxy regimes. 1©99 American Institute of Physics.
[S1063-782629)01107-2

Structures based on ZnTe and CdTe hold considerableead to the generation of extended structural defects, which
promise for applications in a number of optoelectronic de{permeate the bulk of the filrdy.’
vices. One deterrent to the acceptance of such structures is a One possible way to improve the quality of the het-
severe mismatch of the lattice paramegewith the com-  eroepilayers near the interface for a sizable difference in the
monly used GaAs substratébe mismatchha/a=7.6% for lattice parameters of the joined materials is to employ solid-
ZnTe/GaAs. In the presence of a large mismatch we en-phase epitaxy in the initial growth stage. A thin seed layer of
counter either an island mechanism of film nucleation@morphous material is deposited on the substrate at a reduced
(Volmer—Weber mechanismor the Stransky—Krastanov temperature, and it is then crystallized at a higher tempera-

mechanism, whereby an elastically stressed pseudoamd#re. This operation produces a continuous, homogeneous
phous film is formed during the initial stage of growth until coating with a crystalline, albeit imperfect structure. The film

a certain critical thickness is attained. However, the attaind"0Wth process is then continued with the substrate at the

ment of above-critical thicknesses is accompanied by relaxdSual temperature for heteroepitaxy. The twofold effect of
ation of the elastic stresses due to the generation of a netrt:je techr.uqu-ell.?lto tl)mpr-ove tr}e hsu:cface morpr}ology qf the
work of misfit dislocations. In local zones containing misfit eteroepitaxial filim by virtue of the formation of a continu-

dislocations the elastic energy of the film and its chemicaﬁus’ homogeneous coating early in the process when the film

. . . . . has an ultimately small thickness, and also to lower the den-
potential decrease, so that the dislocations begin to act like. N

. . : . . Sity of extended structural defects growing into the bulk of
effective sinks for adatoms of the substance in question, dls[—

rupting the growth planarity.Moreover, the gradient of the he film. The above-described two-stage growth scheme has

; L T been used successfully in the heteroepitaxy of GaAs on Si
chemical potential in the plane of the growing film can serve _ o .

- o (Aa/a=4%) (Refs. 8 and Dand is widely used in the het-
as a driving force for directional mass transfer from

. i . . eroepitaxy of GaN on a sapphire substratea(a=13%)
pseudoamorphous zones into dislocation zones. In this eveﬂﬁefs 10-12

the dislocation-free zones can be completely dissolved, and Despite the extreme difference in the lattice parameters
in their place are bare substrate zones uncovered by filig¢ 7,16 and GaAs, none of the sources available to us in the
material. As a rule, uncorrelated networks of misfit disloca-jjterature report the application of solid-phase epitaxy in the
tions are generated on the areas of neighboring islands. UpgRitia) stage of growth of a ZnTe layer on a GaAs substrate
coalescence of the islands, the ends of the dislocation lingg, the reduction of structural defects and morphological
bend and grow into the bulk of the filfn. flaws. In this paper we describe a feasibility study of improv-

Consequently, when either of the above-mentioned filming the quality of ZnTe films and CdznTe/ZnTe quantum
nucleation mechanisms is operative, in the initial stage ofyells on GaA$100) substrates grown by molecular-beam ep-
growth the islands are surrounded by zones depleted of theaxy (MBE) using an amorphous seed layer of ZnTe, which
deposited material, i.e., the coating is not continuous. Thés subsequently crystallized. On films prepared by this tech-
diameters of islands formed at active growth centers camique we have investigated the dependence of the cathodolu-
greatly exceed the average island diameter. These consideninescence of ZnTe on the type of reconstruction of the
ations impart a coarse microprofile to the grown film andgrowth surface.

1063-7826/99/33(7)/5/$15.00 744 © 1999 American Institute of Physics
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The structures were grown on a Katun MBE apparatus
after a major modification of the molecular beam generating
system and the installation of an ionic manometer to monito
the equivalent pressures of the beams. The films were grow
by evaporating the elements Zn, Cd, and Te from separal
sources. After the removal of oxides from the GaAs surface
by heating to a temperature of 55680 °C the substrate was
cooled to room temperature, and an amorphous seed layer
ZnTe of thickness 10 nm was deposited on it. This layer wa:
heated to a temperature of 35880 °C in a flux of Te(or
Zn) molecules with an effective pressure of£3)x 10’
Torr and was kept until it had completely crystallized. An-
nealing of the samples without the application of a (de
Zn) molecular beam to the surface causes the film to bt
desorbed until the crystallization process is terminated. Fur
ther growth of the structures took place at a temperature ¢
320350 °C and a growth rate of 0.2 nm/s. The epitaxy was
monitored by reflection high-energy electron diffraction
(RHEED). For comparison, samples were also grown with-
out the seed amorphous layer. We were unable to pinpoir
the pseudoamorphous growth stage by the RHEED metho
possibly because of the small critical thicknés< nm). The
grown structures were investigated by cathodoluminescenc
and x-ray diffractometry. The cathodoluminescence spectr
were recorded at a temperatufe=20—30 K, an electron
energy E,.=3—-30 keV, and a current densityj,
=10"5A/cm?. The x-ray measurements were performed or
a DRON-3 x-ray diffractometer using a two-crystal configu-
ration. The characteristic CyK line was isolated from the
spectrum of a fine-focus tube with a copper anode by mear
of a S(111) crystal monochromator. The radius of the focal
spot of the diffractometer was increased to 350 mm to im-
prove the angular resolution.

Figure 1 shows a time comparison of RHEED patterns
from the surface of samples Witho(la—d and With(e—ﬁb the FIG. 1. RHEE_D patterns from the surfaces qf the GaAs substrate_after the

. removal of oxides and before the start of epitgayand from ZnTe films
use of an amorphous buffer layer. After oxide removal theuithout (b—d and with (e~h the application of an amorphous ZnTe seed
RHEED pattern of the GaAs substrd® contains relatively layer (b—d at various times after the start of epitaxig) 0 min (after
elongated reflections, indicating that the substrate has gplid-phase crystaliization of the seed layéb, f) 4 min; (c, g 9 min; (h)

. . 12 min; (d) 20 min.
single-crystal character and that the surface is very nearly
atomically smooth. The RHEED patteth and ¢ becomes
spotty with the initiation of epitaxy. This behavior is inherent
in three-dimensional growth. Subsequently, after the first 10nto lines than in growth without the amorphous layer. Two-
min of growth, a gradual improvement of the surface struc-dimensional layer-by-layer growth begins at a film thickness
ture is observed in that the reflections are elongated inte-30 nm, and after just 12 min of growtfh) the RHEED
bands. However, even after 20 min of growt), when the pattern exhibits a high structural quality on the part of the
film attains a thickness of more than Qu2n, the RHEED  growth surface.

pattern is still spotty. Rocking curve measurements confirm that the structure

The deposition of a thin ZnTe seed layer at room tem-of the films is improved when a seed layer is used. After a
perature completely eradicates the diffraction reflections, andorrection for instrumental distortion, introduced by means
the RHEED pattern shows up as uniform illumination of theof a convolution algorithm, the half-widths of the rocking
screen(diffuse scattering backgrounhdue to the amorphous curves for films of thickness 2, /m with and without a seed
structure of the layer. Dotted reflections are formed as théayer are 116and 200, respectively.
structure is heatede), exhibiting greater contrast with in- The cathodoluminescence spectra of ZnTe epitaxial
creased heating time. If the crystallization procedure is accufilms of thickness 1.5um grown under identical conditions
rately performed, it is possible to achieve the formation ofexcept in the initial stage of epitaxy are compared in Fig. 2.
elongated reflections and to see signs of their merging intdhe strongest lines in the cathodoluminescence spectra occur
bars. However, even if the latter effect is not successfullyat A\=521 nm and 522.5 nm, corresponding to resonances in
achieved during annealing of the seed layer, with the start ahe reflection spectrum. We attribute them to the emission of
epitaxy (f and g the reflections stretch out far more quickly free excitons with heavyXy,) and light (X;;,) holes, respec-
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:f FIG. 2. Cathodoluminescence spectra of
'"f X ZnTe films of thickness 1.um, grown
3 hh with (a) and without(b) the application
:-_\) of an amorphous seed layeE.=10
-+ keV, T=20 K. The curve labeled
B “refl.” represents the reflection spec-
Iy trum of the ZnTe film with the applica-
A tion of an amorphous seed layer.
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tively. The splitting obtained heré/ me\) is close to that
observed in Ref. 13 for a similar film thickness and is ex-
plained by the tensile stress of the film due to a difference in “deep”
the thermal expansion coefficients. Moreover, the spectrum
contains arl ¢ line, which has been observed in ZnTe/GaAs
epitaxial films prepared by different technigliésind in
proton-irradiated bulk ZnTe single crystdfswhere it was
identified with native defects.

A comparison of the spectra shows that narrower exciton j x4
emission lines are observed for a sample grown with the L
application of an amorphous seed layer, and the total radia-
tion intensity is twice that obtained for a sample grown with-
out the amorphous seed layer. The influence of the seed layel g
on cathodoluminescence diminishes when the thickness of
the epilayer increases to8m. But a decrease in the thick-
ness of the epilayer to 0.,2m all but eliminates cathodolu-
minescence, even for samples grown with a seed layer, evi-
dently because of a marked increase in the density of defects
that compensate for the mismatch of the crystal lattices of
the epilayer and the substrate near the interface.

Next we investigated the cathodoluminescence of ZnTe
epilayers grown with the application of a seed layer as a
function of the deviation of the elemental composition of the
growth surface from stoichiometry during epitaxy. An excess
of one of the original elements was determined from the type
of surface reconstruction with the aid of the RHEED pattern. A:d
Figure 3 shows the cathodoluminescence spectra at 30 keV r . T ; .
of ZnTe films of thickness 2.eum with different surface 550 600 650 700 750
reconstructionsia) (2x1), corresponding to tellurium en- Wavelength , nm
richment of the surfacep) c(2X2), corresponding to zinc
enrichment of the surfacdr) (2X1)+c(2X2), which is  FIG. 3. Cathodoluminescence spectra of ZnTe films of thicknesutg
the closest to a stoichiometric surface composition. Togethe§own with the application of an amorphous seed laygr=30 keV,

; ; e R T i« T=30K, for three different reconstructions of the growth surface during
with exciton emission, long-waveleng(fdeep” line) emis epitaxy: (8) (2x1), corresponding to Te enrichmerl) c(2x2), corre-

Sior‘ t_hroggh d?ep levels is present ir? the spectrum. Thi§ponding to Zn enrichmentr) (2x1)+c(2x2), corresponding to a sur-
emission is attributed to the recombination of charge carriersace of stoichiometric composition.

units

Intensity, ar
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ness 1.5um, three Cg1Zngggle quantum wells having
thicknesses of 8 nm, 4 nm, and 2 nm with ZnTe barriers of
a thickness 30 nm and a ZnTe coating layer of thickness 5 nm.
The spectrum contains high-intensity, well-resolved emis-
sion lines with maxima ah ,,,=537 nm, 547.4 nm, and
551.6 nm and half-widtha~9.6 meV, 9.5 meV, and 7.7

x1 “deep” meV, which are attributable to emission from quantum wells
xﬂ \, x6 eep having widths of 2 nm, 4 nm, and 8 nm, respectively. When
Lo A f— E. is increased from 3 keV to 30 kelincreasingz, from

4 nm o b 0.03 um 2.5 um), the fraction qf carriers collected by the
_l j_ nm 8-nm quantum well from the direction of the ZnTe buffer
layer increases. The latter event causes the emission from
this quantum well to become stronger than the emission from
the other quantum wells. The emission intensity of excitons
2 nm :
and of the deep centers of the ZnTe buffer layer also in-
\, x60 %60 creases in this case. However, even =30 keV, when
the structure is excited over its entire thickness, including the
most defective region near the GaAs substrate, the intensity
¢ of the exciton and long-wavelength emission from the buffer
is approximately two orders of magnitude lower than the
intensity of the quantum well emission. This result attests to
the effective collection of carriers in the quantum well.

We have thus shown that the technique of using an
x1 amorphous ZnTe seed layer with its subsequent solid-phase
crystallization can be used to eliminate the formation of
T T T T H— T T T three-dimensional nucleation centers and to achieve the two-

520 530 540 550 600 650 700 750 dimensional growth of ZnTe on GaAs substrates in the very
Wavelength , nm first stage of MBE. This increases the intensity of exciton
FIG. 4. Cathodoluminescence spectra of a structure contaimirte order emission and decrease_s the half_WIdth of the sample rocking
of increasing distance from the substiatecrystallized ZnTe seed layer, a CUrve. We have also investigated the dependence of the
ZnTe buffer layer of thickness 1,6m, three Cg,.Zn, gsTe quantum wells ~ cathodoluminescence of the ZnTe layers on the ratio of the
of thickness of 8_nm, 4 nm, anq 2 nm with ZnTe barriers of Fhickness 30nmzn and Te fluxes. The optimum ratio of the equivalent pres-
e e S o, Sioue Coeio" sures of the molecularbeams ip(Tey)/p(Zn) =2
keV, 0.25um; (c) 3 keV, 0.03um. Quantum-well CdZnTe/ZnTe structures emitting efficiently
in the green region of the spectrum can be created by opti-
mizing the epitaxy regimes.
at complexes containing native defects, and its presence is This work has received support from the Russian Fund
associated with structural imperfections of the epitaxialfor Fundamental ReseardfiRFFI Grants No. 98-02-16890
film.'® The observed deep-line structure is caused by the inand No. 96-15-9659MNTP “Physics of Solid State Nano-
terference of radiation along the thickness of the film. Wherstructures”(Grant No. 97-201p
E. is decreased from 30 keV to 3 keV and, accordingly, the
cathodoluminescence excitation degghdecreases from 2.5
um to 0.03um, the intensity of the long-wavelength emis-
sion decreases considerably, indicating a concentration of the
corresponding centers near the ZnTe/GaAs interface. _ _
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The sensitivity of the electric field distribution to the spectrum of the incident radiation in highly
biased, high-resistivity, semiconductor structures of the M@&htal-semiconductor-mejal

type illuminated by nonmonochromatic light is investigated theoretically. It is shown that in the
presence of deep impurity levels the field distribution depends strongly on the spectral
composition of the incident light. The frequency interval corresponding to optical thicknesses of
the order of unity is found to significantly influence the space charge in the bulk of the
structure and the electric field distributi@{x), even when the fraction of energy in this region

of the spectrum relative to the total flux is extremely minimal. The trapping of holes by a

deep impurity level in the bulk of the structure forms a positive space charge and produces
qualitatively new field distributions, which increase near the dark electrode with a positive
curvature of the functiofe(x). The impurity trapping of electrons near the illuminated anode
imparts a negative space charge to the impurity levels. This phenomenon induces a
substantial increase of the field in the electrode sheath and forms in the vicinity of the anode a
region wherein the field varies only slightly. All the prominent features disclosed by the
calculations in the electric field distributions are observed in experiment19€9 American
Institute of Physicg.S1063-782809)01207-1

1. INTRODUCTION charge regions of both signs, but when the wavelength in-
creaseg\=0.65 um, a uniform, diminishing field distribu-

_ 1.1 The relaxation of the electric field and current in @ ., is formed around the cathode, while the field in the bulk
high-resistivity metal-semiconductor-me{@liISM) structure . . : . .
of the crystal is essentially uniform. Experimental studies of

subjected to an applied V°'t‘?ge and |I|urr-1|nat|on. poses a funfhe transient photocurrent and field distribution in8i0,,
damental problem characterized by the interaction of numerz-ind Bi.GeO,n crvstals over a wide range of the liaht absoro-
ous nonlinear effects, which produce an enormous diversity. h2'¢ _OZO Y - ge of tne light P
of relaxation laws and steady-state solutions. One of th&°" coefficienta have also indicated a qualitative difference

most intriguing effects is the generation of a Iight-inducedIn the f|e|d_1d|str|but|ons accompanying strong absi)lrpuon
space charge and the redistribution of the latter, accompanie(d":104 cm % Ref. 3 and weak absorptiona(=0.5cm
by a change of the electric field. Ref. 4). In the first case the fiel& increases directly agXx,
Experimental work has stimulated various applicationswherex is the distance from the illuminated electrode, as in
of the effect in semiconductor electronics. In particular, itthe space charge-limited current regiMia. the second case
has been established that the photosensitivity and spati#ite field drops sharply in a tight region around the electrode
resolution of space-time light modulators and devices for thénd then remains constant all the way to the positive elec-
writing of volume holograms depend on the magnitude androde. Theoretical studiesee, e.g., Ref.)ébased on a mo-
distribution of the space charge of photoelectrons capturedopolar drift model have described the evolution of the field
by deep traps as the optical image is recortiBtectric field ~ during the radiative transport of electrons from trapped do-
measurements in BiGeOy crystals have exhibited their de- nors and have accounted for the experimental relations re-
pendence on the energy absorbed in the crystal and the wavgerted in Refs. 2—4 It was established that for intermediate
length of the incident light.Ilt was determined that the field absorption coefficients the region where the field increases
in a crystal becomes increasingly nonuniform as the abby the square-root lavE ~ JX, extends to the dark electrode,
sorbed energy increases. The quankity E/E, (E.=V/d, and a low-field region is formed at a certain distance from
whered is the diameter of the structyreecreases near the the illuminated electrode. The measurg¢x) curves there-
illuminated electrodécathodé and increases in the opposite fore comprise a combination of limiting cases, first investi-
part of the structure. The formation of space charge regiongated by Mott and Gurney,of the field distribution at a
of opposite sign imparts a minimum ®in the crystal. The metal-insulator interface. The theoretical and experimental
sign of the total charge in the crystal and the form of the fieldresults obtained in this research stage are surveyed in Ref. 7.
distribution depend on the wavelength of the incident light.  In ambient light the generation of two types of free pho-
For shorter-wavelength radiatidh=0.45 um) a nonmono- tocarriers produces an even greater diversity of fields, even
tonic field distribution is formed with clearly defined spacein pure crystals. The results of a numerical simulation of

1063-7826/99/33(7)/8/$15.00 749 © 1999 American Institute of Physics
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transient processes in metal-insulator-semiconductortar to the results of Ref. 2, but the measured coordinate de-
insulator-metal(MISIM) structure show that the steady- pendence of the field is qualitatively new in comparison with
state electric field distributions are extremely different fromwhat had been observed previodsiand departs from the
the classical square-root lai~ +x, and the type of distri- classical square-root law describing the increase of the ield.
bution is governed by the space charge in the vicinity of theA theoretical investigation based on the model of a pure
illuminated anode. The latter quantity is controlled both bycrystal illuminated by ambient light has fully explained the
the surface carrier recombination rate and by the light ababove-noted principles 3 and 5 and has revealed a new phe-
sorption coefficient. The published results demonstrate th@omenon: structural transformation of the field by the space

appreciable influence of the optical thickness of the incidengharge of free photogenerated carri€rslhe investigation
radiation on the field distributions. has confirmed that the current-intensity dependence is sub-

1.2. Another trend in research on the electric fields islinear without bulk recombination or the capture of carriers
related to the application of wide-gap, high-resistivity, com-by trapping levels and is solely attributable to weakening of
pensated crystalsuch as CdTe, Hg) and Q as the element the external field by the field of free photogenerated carriers.
base of radiation detectdrand light-controlled optoelec- The latter consideration fundamentally distinguishes the
tronic devices designed for fiber-optic communication linesgiven phenomenon from the transformation of the field due
data processing systems, and systems for the recording ¥ space charge redistribution in Fhe transfer of electrons
optical image signal¥’ The operation of these devices is from trapped (_Jlonorg.Howeve_r, this model has not ex-
based on the variation of the electric field distribution whenPlained the entire set of experimental principles 1, 2, and 4,
the structure is illuminated. The results of measurements g#hich combine an almost uniform dark distribution and an
the steady-state photocurrent and field distributions, alongcrease of the field in the cathode part of the structure with
with the transient characteristics of “pure” high-resistivity & Positive curvature of the distribution in illumination. More-
(semi-insulating crystals (N;<103cm™3) (Refs. 11 and 12 OVer, the origin of the positive space charge in the vicinity of
and crystals containing a high density of impurity levelsthe cathode is fundamentally impossible to explain on the
(N;=10"%cm™3) (Ref. 13, have revealed several new ex- basis of a pure crystal model with strong absorption of ra-
perimental factors associated with the distribution of electricdiation. In pure, highly biased crystals the total current es-
fields and with the dependence of the current on the lumiSentially coincides with the hole drift currenj=eu,pE,
nous intensity. The outcome of this work has been a drive w?_md its invariance |mpl|_es_thaft the field increases for a nega-
explain the sum-total of the experimental data within theflve curvature of the distributiofsee Ref. 16 for more de-
framework of a unified approaci18We now give a brief tails). The problem is not solved by taking into account the
interpretation of certain basic experimental principles. space charge of deep trapping levels. Owing to the trapping

1. The dark fields in symmetric MSM structures with a ©f Photogenerated holes by an impurity near the anode, the
constant potential difference specified on their contacts argathode space charge decreases, and the field agtﬁﬁthe cathode
close to uniform distributions. This result indicates a lowiNcreases even more slowly than for a pure crystal.

effective charge densitypy in the nonilluminated structures,
|e,094«7-rep3d/(sV/d)<1, which gives the estimatpds3 2. THE BASIC PHYSICAL CONCEPT
xX10°cm™ >,

2. The increase in the dark field near the anode when the Does a physical mechanism exist to support the increase
thickness of the dielectric layer at the positive contact in-in the field near the cathode when its distribution has a posi-
creases indicates the presence of a moderate density of deli¢ curvature? Published re;dﬁ% “>show that such dis-
impurity levels in the crystal and their “decompensation” as tributions are possible both in darkness and in light within
the rate of hole exchange across the interface v&ies. definite ranges of the surface barrier height, impurity concen-

3. The illumination of the structure by ambient light al- tration, and impurity capture cross sections. They are pro-
ters the field distribution. The ratiB=E/E, decreases near duced ech.u3|\./er by dark generatlon-recomblnatl'on' pro-
the illuminated surface and increases at the dark electrod§S>S€S: which impart contmwty o the glectron density in t.he
As the luminous intensity is increased, the deformation o u!k_ of th? crystal and on its surface in the presence of in-
the field distribution increases and tends to saturation. efficient diffusion. A positive space charge occurs in the dark

- . o~ _ generation of electrons by an impurity, so that the degree of
4. A characteristic detail of the d's,”'b‘ﬁ“c?ﬁx) s the filling of impurity centers falls below the equilibrium
presence of a low-space-charge region inside the SUUCHULS, 018 |n cases where the impurity concentration and its

(within roughly 2/3 of the thicknessaind a weak dependence g, .0 charge exceed the free-carrier charge, the field in-
of the field in this region on the luminous intensisee Figs. creases with acceleration. i.62E/dx2>0.

4a and 4b in Ref. 11 In the cathode part of the structure, — ggq5,5e the degree of filling of an impurity with elec-
illuminated from the anode side, the field increases with act,qns in the bulk does not change in illumination in the pres-

celeration, i.e., the field distributidB(x) has a positive cur- gnce of strong absorptiofsee Fig. 5 in Ref. 18 the given

vature:d?E/dx?>0. mechanism can influence the nature of the electric fields in
5. The current-intensity dependence is sublinear in pur¢he unique instance when illumination generates additional
crystals. carriers in the bulk. A number of facts suggest that the spec-

The main phenomenon observed in Refs. 11 and 12 —rum of the incident radiation in the experiments described in
shielding of the field at the illuminated electrode — is simi- Refs. 11 and 12 contains something other than a highly ab-
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sorbed component. First, the measured field distributions ithe same as described in Ref. 22, except that the expression
the presence of weak absorption differ very little from thosefor the electron-hole pair generation function incorporates
obtained by illumination in “ambient” ligh{Ref. 12, p. 64 the arbitrary forms of the spectrum of the incident radiation
Second, in these experiments the spectrum of the particulaand the absorption spectruathv):
source of illumination comprises a bell-shaped distribution
with a maximum ath=0.8 um (1.56 e\j and with a width of G(X)=(1— R)f
approximately 0.1 eV, defined at the points where the spec- 0
tral density drops by two orders of magnitude, and it prob-(ihe reflection coefficien® is assumed to be constant
ably contains frequencies corresponding to higher as well as  The numerical method is described in Ref. 22. Param-
lower values of the absorption coefficient. Assuming that thesters of the structure close to those used in experiment are
generation of holes in the bulk and their trapping by an im'specified. In particular, it is assumed thé0.25 cm and
purity are, from the standpoint of the magnitude and sign of,— 400 v. The density of equilibrium holes in the bulk is
the space charge, equivalent to the thermal generation Qfied in the intervab, =10°— 10 cm 3. The surface re-
electrons by the impurity, it is reasonable to expect that forompination rates and tunneling transmissivities of the inter-
high-resistivity semiconductors having a low self-charge thisgces are set equal @ =s,= 106 cmi/s andT,=T,=1. The
process will contribute significantly to the magnitude andparameters of CdTe are taken from Refs. 23 and 24. The
distribL_Jtion of the space charge in_the structure and emerggnsorption spectruna(hv) is approximated by equations
as an inseparable part of the physical model. _ analogous to those in Ref. 25. The values of the absorption
The objective of the present study is to investigate thecoefficienta(Eg) at a photon energy equal to the width of
photoelectric effect in high-resistivity semiconductors whenine pand gajE, and the characteristic energies are specified
the structures are illuminated by nonmonochromatic radiagy, the basis of data in Ref. 26. For the assumed dependence

tion and to ascertain the role of the long-wavelength part Ofa(hv) at frequenciediv<E, a range of optical thicknesses
the spectrum on the distribution of the electric field. This st the order ofad=1 corresponds thy~1.41 eV KkT.

problem has not been treated to date. In the papers known to

us where the complete system of equations of the drift-

diffusion approximation is usetsee, e.g., Refs. 8, 20, and

21) and in papers that simulate the photoelectric effect irf- DARK FIELDS
high-resistivity structures;™"™**thegeneration fl.mCt'o.n The nearness of the dark fields to a uniform distribution
has been regarded as constant or has been written in th

standard form corresponding to monochromatic rad.at.oniﬁdicates a high degree of compensation of the free and
ponding . IC radiationy, ; ing charges. This effect is achieved as a result of control-
G(x) = al,exp(~aXx), where« is the absorption coefficient.

T . ling the flux of holes across the metal-semiconductor inter-
Our second objective is to estimate model parameters thaI; g

can be used to determine quantitative characteristics close §ee by choosing the height of the Schottky barrier for holes
) i S qual toE,—epg , Wheregg is the barrier height for elec-

those observed in experiment. The determination of these g TT"n n .

quantities actually reduces to the solution of an ill-pose rons. The critical value corresponding to charge compensa-

nonlinear inverse problem and is a complicated procedur

éion is attained under the conditiggy=p, and depends on
because an entire series of experimental principles must t}ge_ hole tunneling transmissivity of the interfatg (Ref.
satisfied simultaneously. 151

o

« hv)ie‘“(m)xdhv (1)
( dhv

Nu/p*
1+vB/v)

epe=Eg—KTIn (2)

3. STATEMENT OF THE PROBLEM
We consider a highly biased, high-resistivipytype wherevngMpEe is the hole drift velocity, andlgzvap is
semiconductor, &x=d, which has a density of equilibrium the rate of exchange across the interface. The variation of
holes in the bulkp, and which, in addition to shallow do- any one quantity ¢g , T, or p,) leads to decompensation
nors and acceptors, contains a deep impurity level subject tgf the free and bound charges and the emergence of a non-
Shockley—Read statistics. lllumination takes place through @niform field in the crystal.
semitransparent anode at=0. A voltageV much higher Different values ofpg_correspond to different signs and
than the semiconductor-metal contact potential is applied Qalues of the derivativean/dx In pure crystals with low

the structure. The distribution of the densities of eIeCtron%eightapB < ¢, the derivativedE/dx<0, and the field is
n cr L]

n(x) and holesp(x) and of the electric fielde(x) are de- ! .

scribed by a system that includes the equation of continuit ?Imost uniform, owing to _the Sma”’?ess of the space charge
the Poisson equation, and an equation describing the varia the structure, Wh'Ch. S proportional to th_e difference
tion of the degree of filling of the deep impurity level by P~ P+ When the conditionpg, = ¢qr holds, as it does for
electrons. The boundary conditions describe the carrier exo= P » the fieldE(x) =E, throughout the entire structure,
change across the metal-semiconductor interface. The inte¥N€reas forpg > ¢, the derivativedE/dx is positive. For
sity of the exchange is specified by the surface recombinahe chosen values of the parameters ppa-10°cm™® we
tion rates of electrons and holeg,, and by the tunneling haveeec~0.923eV. In the rangeg > ¢, which corre-
transmissivities of the interfaces for electrons and holesponds to the strong inequalipg>p, , the field distribution

Tnp- The mathematical statement of the problem is exactljpecomes sensitive to the choice of numerical valu@g%f.
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In a crystal containing deep impurity levels the field ex- 20r
hibits a much greater sensitivity of the dependek¢r) to
the choice oﬁan (see Fig. 1 in Ref. 16 The behavior of the
derivative of the distributiorE(x) atx=0, (dE/dX)q, which
depends on the barrier heiglpgn, is qualitatively the same
as in the pure crystal. The derivativelE/dx), increases
with ®B, and is equal to zero fo¢Bn=<pc,= 0.923V. For
@B < Pcr (Po: P<<p.,), however, the degree of filling of the i 7.0
impurity with electrons is greater than the equilibrium value,
and a region of negative space charge forms near the anode.

For sufficiently high impurity concentrations and values of 0.5
®B, smaller thanp., by a factor of several timesT the field

at the anode has a vallie>1, and the field moves away

1.5

from the cathode part of the structure. We note that a de- 0 , \ | \
crease in the interface tunneling transmissiveyg., by vir- 0 0.25 0.50 a.75 1
tue of an increase in the thickness of the insulator)fitrn- X

structs the hole flux across the interface and, hence, has the B
same effect as lowering the Schottky barfelhe equality FIG. 1. Electric field distribution in pure crystalEg=E/E.=f(X) (X
. =x/d) in illumination by monochromatic light{l) hv=1.45 eV, §,= ad
of the cr|t|call v.alues Qfgan fpr t.he pqre crystal and for the —14:(2) 143 eV, 6:3) 1.4 eV, 1.7:(4) 1.38 eV, 0.7,
crystal containing an impurity is attributable to the fact that
for pp=p, the degree of filling of the impurity is equal to
the impurity value, and the total nonequilibrium charge ofNow in a fairly large neighborhood of the anode the distri-

the impurity centers is equal to zero. bution E(x) is a smooth function, which increases with a
Consequently, the height of the Schottky bar:bgg can  small positive curvature.
be determined from the specified valuesmf and T, in The general conclusion is that the coordinate depen-

accordance with the condition of uniformity of the dark field. dence of the fieldE(x) in the vicinity of the dark electrode

does not have a clearly pronounced positive curvature in a

pure high-resistivity crystal illuminated by nonmonochro-

5. STEADY-STATE FIELD DISTRIBUTIONS IN PURE matic light. This conclusion qualitatively differentiates these
CRYSTALS distributions from the experimentally measured fields and
o o ) therefore provides an additional basis for the assumption that

Two types of incident radiation spectra have been invesy,q space charge of deep impurity levels in the crystals in-
tigated: a step function of infinitesimally narrow frequencyvestigated in Refs. 11 and 12 significantly influences the

width with a variable photon energynonochromatic radia-  form of the field distribution in the presence of illumination.
tion) and a Gaussian distributigmonmonochromatic radia-
tion). In the first case the energy of an incident light photon
uniquely determines the absorption coefficient. In the seconfl: STEADY-STATE FIELD DISTRIBUTIONS IN CRYSTALS
case the dependence of the absorption spectrum on the fr@/ TH DEEP IMPURITY LEVELS
quency (energy of an incident light photoris taken into 6.1. The goal of our subsequent numerical calculations is
account. Both spectral curves are characterized by the posip analyze the influence of various spectral compositions of
tion of the maximumhv,, and the total flux density; of  the incident light on the electric fields in high-resistivity
photons entering the semiconductor over the entire spectrungtructures with uniform dark field distributions obtained by
The luminous intensity; is assumed to be independent of compensation of the free and bound charges. We use a
the time, and the duration of the illumination is assumed tosolitary-level model embodying four characteristics: the en-
be much longer than the field and current relaxation times. ergy of the levele,=E.—E,, the density of impurity levels
The distribution of the field when the structure is illumi- N, , and the capture cross sectiansando, for the impurity
nated by monochromatic lightli(=10'*cm™2.s™") with  trapping of carriers. The spectrum of the incident radiation
various photon energiewarious absorption coefficientss  represents the sum of two monochromatic sources with ab-
shown in Fig. 1. It is evident from the figure that for optical sorption coefficients «;=10*cm™* and a,=10cm L.
thicknessess,= ad>1 the field distribution comes close to Strongly absorbed light is assumed to have an intensity
the square-root dependenEe- \X. A decrease in the pho- 1,=10*cm 2.s7%, and the intensity of the weakly absorbed
ton energy promotes more uniform emission, causes thpulse is varied in the interval,=0—7x10%cm 2.5 1.
space charge in the structure to decrease, and makes the fidldis approach can yield a hypothetical answer as to the in-
tend to a uniform distribution with a small positive curva- fluence of the long-wavelength part of the spectrum on the
ture. Similar results are obtained for a Gaussian distributiomistribution E(x), along with an interpretation of the experi-
of the spectral density with a fixed pulse half-width. The ment reported in Refs. 11 and 12, without the need for pre-
shift of the maximum of the distribution toward weaker ab- cise data on the spectral composition of the incident light. It
sorption is analogous to a decrease in the photon energgan be assumed, in addition, that the field distribution is
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FIG. 3. Distributions of the densities of electroNs=n/p, (dotted curves

and holesP=p/p, (solid curveg and the degree of filling of a deep impu-
rity with electronsf (dashed curveswith or without frequencies correspond-
ing to optical thicknesses of the order of unity in the spectrum. Intensity of
weakly absorbed light(1) 1,=0; (2) 10"*cm™2.s7 1.

FIG. 2. Distribution of the electric fiel =E/E, in a structure with impu-
rity levels, illuminated by two monochromatic light pulses, for various
weakly absorbed light intensitids (ad=3, p, =10° cm 3): (1) 1,=0; (2
0.01x10%cm 2-s7%; (3) 1x10%cm 2.5 (4) 7x10%cm 2.5 % (5)
1x10%cm 2.s7%; (1-4) calculated for o,=10 ®¥cm™2; (5) o,=5

X 10 *cm?; (6) experimentdf at a luminous intensity=15 mw/cnf.

trum forms a negative-charge region in the vicinity of the
significantly influenced by the very region of the spectrumanode, with a marked increase in the field around the anode.
with an optical thickness close to unity. This assumptionThis region is followed by a fairly broad zone in which the
stems from the fact that the exact form of the spectral densityield varies only slightly. Such a distribution curve qualita-
of the radiation is not all that important for photon energiestively resembles the case of the dark distribution for
hv>Ey, where the conditiorvd>1 holds, and photoge- ¢, <¢c (Fig. 1in Ref. 15 or curvé in Fig. 2 in Ref. 2. It
neration is negligible at photon energies lower thgnby a  ghoy|d be noted that the marked increase in the field close to

factor of several time&T. o the anode can result in additional carrier injection due to
To achieve a significant effect, the initial data are Choseriowering of the energy barriers at the interface.

close to the parameters associated with the analytical curves Figure 3 shows the variation of the distributions of the

of Fig. 4 in Ref. 15, where for values afg_different from  gjecron and hole densities and the degree of filling of the
¢ dark field distributions with a distinct positive curvature impurity levels when a radiation component with an optical
have been obtained. The following values are assigned to th@ickness of the order of unity is introduced in the spectrum.
main parameters:p, =10°cm™°, epg =0.865eV, N; A comparison of the curves proves conclusively that the rea-
=10%cm 3, £,=0.8eV,0,=10 2cn?, o,=10 ecn?. son for the onset of field distributions with a distinct positive
The steady-state field distributions for various intensitiescurvature near the cathode is an increase in the hole density
I, are shown in Fig. Zcurvesl-5). One of the experimental in the bulk and a decrease in the degree of filling of the deep
distributions is also shown here for comparigonrve6). It impurity levels below the equilibrium value in the cathode
is evident from Fig. 2 that the field distribution in illumina- part of the structure.
tion by ambient light (,=0, curvel) has negative curvature The influence of the spectral region wittd=1 weak-
and resembles the field profiles corresponding to a deep trapns and vanishes altogether when the hole capture cross sec-
ping level (see Fig. 5 in Refs. 17 and L5The addition of tion increasegcurve5 in Fig. 3 forl,=10"cm 2.5 ! and
weakly absorbed radiation with an optical thickness of theo,=5x 10" **cn?). In this case holes are trapped near the
order of unity significantly affects the field distribution. It anode, the degree of filling of the levels in the cathode part
decreases in the middle part of the bulk and increases arourtends to the equilibrium value, and the positive charge of the
the dark electrode. The distribution already exhibits positivedeep levels decreases. This effect is clearly illustrated for the
curvature at an intensity,=10"cm 2-s™! (Fig. 2, curve  dark profiles of the electric field in Fig. 6 in Ref. 15 and for
2); with a further increase in the intensity, the field acquiresthe light field distributions in Fig. 7 in Ref. 18. On the other
a characteristic fornmcurve3) very similar to the experimen- hand, to achieve the positive curvature effect, it is not nec-
tally measured electric field distributiofisurve6). At a suf-  essary to specify the level energy, which can be varied over
ficiently high intensity,|,=7x10cm 2.s71, when the a range spanning several hundred electron-volts.
contribution to photogeneration of the second pulse in the Since the density of equilibrium holes in the interior of
vicinity of the anode is comparable with the contribution of the samples is known only very approximately in the experi-
the first pulse, new phenomena begin to apjisee curvet). ment described in Refs. 11 and 12, it is necessary to estimate
The trapping by impurity levels of photoelectrons generatedhe sensitivity of the resulting field distributions to the choice
in the bulk by the weakly absorbed component of the specef p, . To do so, we have run a series of calculations for
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4 the E(x) curve is similar to the field profile for strong ab-
sorption, and only when the light intensity is increased to
oa ; /2 I,=5%x10"%cm 2.s ! (dashed curvés) do we witness the
formation of a region of high positive bound charge and
f o restoration of the positive curvature of the profile in the cath-
/ o ode part of the structure. Consequently, field distributions
g © E(x) with positive curvature °E/dx?>0) exist over a
W 21 J wide range of densitiep, . We also note that the existence
of a region of low space charge near the anode, as is clearly
evident from experiment, and the rather weak dependence of
4 the field in this part of the structure on the intengigygs. 2
l - and 4; see also Figs. 2, 4a, and 4b in Rej.dre attributable
90 o5 oW ~ o ° to the formation of a compensating negative charge in ab-
° o ° | l 1 sorption of the part of the spectrum with an optical thickness
17 0.25 0.50 0.75 7 close to unity. In a pure crystal with strong light absorption
X the field near the anode at a total radiation intensity
=10%cm 2.s ! is close to zerd?
FIG. 4. Distribution of the electric fiel&=E/E, in illumination by two 6.2. The significant influence of the frequency interval
mor(;%chrqr;laticl Iiggtf pulS_eS:(1—4)_|_tiz_=1(:113|cn;’2~$f1: _(5>h |t2)=5 with an optical thickness of the order of unity, established in
:*1= 16 o ('Z)azog 3;1\12:'??351?3;11[';”24’g)elolelncs:fss. $htezxg(2ﬂ_ the preceding section, is a motive for studying the field dis-
mental curves are plotted for luminous intensities6 mW/cn? (a) and tributions formed when a structure is illuminated by a non-
I =95 mW/cnt (b) (Ref. 11). monochromatic light pulse, which generates photocarriers
with different densities throughout the entire depth of the
structure. The calculations are carried out fqo,
various values op, in the intervalp, =10°~10"'cm™>. To  =10°cm 2 using the numerical values given in the previous
preserve a uniform dark field distribution, the height of thesection for the parameters of the structure and the impurity.
Schottky barrierann in each case is chosen with a view The total flux of the incident light over the entire spectrum is
toward compensating the space charge in the structure ab=5x10"cm 2.s%. The spectral density is specified in
cording to Eq.(2). It is also necessary to preserve the influ-the form of a Gaussian distribution and is characterized by
ence of the variation of the impurity space charge in illumi-two parameters: the position of the maximum of the spec-
nation, because the bound-charge contribution is small foirtum hv,, and the “half-width” A, which characterizes the
f,<1 or 1-f,<1. Consequently, as the densjiy is var-  energy interval in which the spectral density decreases by
ied, the level energy, varies in such a way as to maintain 1/e. According to previous datd,the position of the spectral
the equilibrium degree of filling of the impurityf, ~ maximum is fixed ahv,=1.56 eV(A=0.8 um). The con-
=p,/(p,+p,) of the order of several hundred. The calcu- tribution of the long-wavelength region of the spectrum is
lations are carried out for the following groups of param-varied by varying the half-widtf.
eters: Figure 5 shows steady-state field distributions for vari-
ous values ofA. Curvel indicates the distribution for the
caseA=10"“4eV and corresponds to monochromatic light

-~
7H — # o ©
a

(1) pe=10cm® epg =0.923eV, &=0.86eV;

. . - 1
2 =10°cm 3, epn =0.983eV, —0.92eV: with an absorption coefficiente=1640cm . For a half-
@ P #Bn ot width A< (hv,—E,)/2 the field distributions are scarcely
(3) p,=10"cm™3, eps =1.043eV, £=0.98eV. distinguishable from the case of strong absorpticurve 2,

A=0.03 eV). As the half-widthA increases, a frequency in-
The density of impurity leveldN,=10cm™?, the intensity  tervalhy< E, is introduced in the spectrum, and photocarri-
I,=10"cm™?.s™*, and the cross sections, ando, are the  ers begin to be generated throughout the structure. The re-
same as in the preceding case with=10°cm 2. Figure 4  gjon of quasi-neutrality near the anode broadens, and at a
shows the variation of the field distributions as the ratio ofcertain distance from it there appears a zone in which the
the densities of free and bound charges is varied with thgeld is observed to increase more and more at an accelerated
structure illuminated by light having a complex spectralrate [positive curvature of the distributioB(x)]. Simulta-
composition. Also shown are two experimental curi@and  neously the field increases in the cathode part of the structure
b) for different incident luminous intensities. It is evident and near the dark electrode. Finally, #5+=0.07 eV the field
from Fig. 4 that at low densitiesp,=10°cm™® and (istribution has positive curvature in the entire structure. In
p, =10’ cm™* the field distributions essentially coincide and this range ofA the field at the anode becomes highly sensi-
have a characteristic form qualitatively consistent with thetive to the half-width of the pulséhe spectral density of the
experimental. As the density of equilibrium holes is in- radiation. With only a slight increase in the contribution
creasedand the relative contribution of the bound charge offrom the spectrum in the long-wavelength region, a region of
deep impurity levels decreageshe field near the cathode negative space charge emerges near the anode, with very
E4=E4/E, decreases, and the distribution in the bulk be-high values of the field at the anode; the field is essentially
comes more uniforncurve3). Forp, =10"cm™ 2 (curve4) invariant in the cathode part of the structure in this case. The
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- FIG. 6. Distribution of the electric fielc?I‘E=E/Ee in illumination by non-
FIG. 5. Steady-state distributions of the electric fiEle: E/Ee in illumina- monochromatic ||ght |(= 5X 10 Cm’Z. s 1) whose Spectra| density is de-

ti_on _by r?onmc_)nochr_omatic |i9ht whose spectrum is described by a Gaussiagcribed by a Gaussian distribution with half-widt=0.07 eV for various
distribution with various half-widthd: (1) A=0; (2) 0.03 eV;(3) 0.04 eV; equilibrium hole densities in the bullp, : (1) p,=1FPcm™3 (2

(4) 0.05 eV;(5) 0.07 eV;(6) 0.08 eV. 10%cm™3; (3) 10'cm™3; (4) experimental, for a luminous intensity
| =95 mWicn? (Ref. 11).

effect is similar to that discussed in the preceding section,

when increasing the flux of light with an optical thickness of . . .

the order of unity above a certain limit began to influence theby light of cpmplex spgctral gomposmon the energy interval
field distribution near the anode. We note that at times of théiorrgipondlng o (f)lptlcal tpmhknessc,jes of t;]engor.derhﬁgf
order of the hole drift transit timef,=d/(u,E¢) there is no @ _1f’ (re]ven at fluxes o ]E € olr grﬂquc hm this
observable difference in the field distributions for any value'€9'on 0 .t e spectrum, signi %:anty influences the distribu-
of A. The effects of positive curvature of the field begin to juon of a f|'eld of the'o'rder of 1. V/gm. The reason for such
set in already at=0.02r,, wherer, is the impurity ioniza- m_fluence is the decisive cqntrlbutlon of_spectral components
tion time1° All these facts demonstrate the decisive influence\'\”th 5921 to the _g_eneratlon function in the bulk and the
of the bound charge on the evolution of the field distribution.format.Ion Of. a posm\{e space chz_arge when holes are frapped
The decrease in its relative contribution with an increase irPy an impurity. The field distributions calculated with allow-
the density of equilibrium holep, diminishes the positive ance for the.weakly absorbed par_t Of thg spectrum arle.close
curvature of the field distribution in the bulk and causes thet0 the gxpenmentally measured Q|str|but|_ons and ?Xh'b't the
field near the cathode to decredb@y. 6). This result proves mos_t_ distinct features recorded in expenmeqtatsrggmn of

that field distributions with positive curvature in illumination positive curvature near the cathode and a region of weak
by nonmonochromatic light are inherent only in high- space charge near the anpde . : _—

resistivity MSM structures with a sufficiently high density of 4. The field increases considerably in the vicinity of the

deep impurity levels electrodes, owing to the high negative space charge density
P impurty ' of the deep impurities. This effect can lead to additional
2 CONCLUSIONS carrier injection from the electrodes in connection with the

lowering of the energy barriers at the metal-semiconductor
We now briefly summarize the most important results. interface and also with the superlinear current-intensity
1. In a crystal with deep impurity levels the dark distri- curves.
bution of the electric field is uniform if the height of the
Schottky barrier, the equilibrium hole density in the bulk,

and the tunneling transmissivity of the interface satisfy the*M. P. Petrov, S. I. Stepanov, and A. V. KhomenRotosensitive Elec-

condition for compensation of the free and bound charges, trooptical Media in Holography and Optical Data Processifig Rus-
i.e., relation(2) sian], Nauka, Leningrad, 1983.

) o 2], T. Ovchinnikov and EV. Yanshin, Pis'ma Zh. Tekh. Fi8, 355(1982
2. In pure crystals the field distribution depends rela- [Sov. Tech. Phys. Let8, 153 (1982].

tively weakly on the spectral composition of the incident °V. V. Bryksin, L. I. Korovin, V. I. Marakhonov, and A. V. Khomenko,

||ght As the phOton energ)(absorption CoefﬁCiemt de- Pis'ma zh. Tekh. Fiz.9, 385 (1983 [Sov. Tech. Phys. Lett9, 165

: . (1983].
creases, the coordinate dependence of the field tends 10 & N astratov and A. V. Ilinski, Fiz. Tverd. Tela(Leningrad 24, 108

uniform distribution and changes the curvature from negative (1982 [Sov. Phys. Solid Stat4, 61 (1982)].
to positive, 5N. F. Mott and W. GurneyElectronic Processes in lonic Crystand ed.

S horacicbivi i _ [Dover, New York, 1964; 1st ed., IL, Moscow, 1950
. 3.1n hlgh. re5|sf[|V|ty crystals contal_mng a moderate den-, . V. Bryksin, L. I. Korovin, and Yu. K. Kuz'min, Fiz. Tverd. Tela
sity of deep impurity levels the electric fields are not only (Leningrad 28, 2728(1986 [Sov. Phys. Solid State8, 1528(1986)].
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Polycrystalline CulpGa, _,Te, thin films are prepared by pulsed laser evaporation. The room-
temperature hole densities and mobilities of the films are determined. It is established

that direct optical contact of the postgrowth surface of such films with the surface of a cleaved
InSe wafer exhibits the photovoltaic effect. The spectra of the relative quantum efficiency

of photoconversion of the heterojunctions are investigated as a function of the composition of the
CulnGa, _,Te, films and the photodetection geometry. It is concluded that the fabricated
heterojunctions have potential applications in photodetectors of unpolarized radiatiotR9®
American Institute of Physic§S1063-7829)01307-]

Ternary AB"'CY' compounds and their solid solutions methodological error limits X-ray examinations showed
have gained widespread applications in developments dhat only the system of lines associated with a chalcopyrite
high-efficiency, thin-film devices for the photoconversion of structure is observed in the diffraction patterns of the pulver-
solar energy The efficiency of superior solar cells utiliz- ized crystals and the films obtained from them by vacuum
ing Culn,GaSe has already attained 18¥Ref. 5. Further  evaporation.
optimization of such photoconverters can be pursued through
detailed physicotechnological studies of the interconnection g| EcTRICAL PROPERTIES OF THE THIN FILMS
between technological processes and the properties of spe-
cific types of structures, and also through assimilation of the  Investigations of the resistivity and the Hall effect have
numerous systems of solid solutions based oB"ACy' ~ shown that the method used here is capable of yielding elec-
semiconductors. Here we give the results of first-time investrically homogeneous films of CulGa Te, solid solu-
tigations of the photoelectric properties of heterojunctiondions. Table | shows typical values of the resistivity the
constructed by forming an optical contact between naturaflensity p, and the Hall mobility . of free holes for the
Chips of the lamellar semiconductor InSe and the outer Sursamples. It is evident from Table | that the solid solutions

face of thin polycrystalline CuliGa, _, Te, films. preserve the-type conductivity inherent in the initial com-
pounds. The reduction of the Hall mobility in the solid solu-
tions of the relatively ordered phases can be the result of

1. PREPARATION OF Culn ,Ga;_,Te, FILMS both scattering by the random potential and variations in the

hole density. It is important to emphasize that the resistivity

The targets used for spray deposition of the films were

crystals synthesized by oriented crystallization from theof the solid solution thin-film samples does not increase rela-

melt®’ Initial components of semiconductor-rated purity tive to the ternary compounds from which they are formed.

were used for synthesis. X-ray examination showed that thg)n this basis it is justifiable to expect the quantum efficiency
grown crystals had a large-blodd2 mm in diameter and

40mm in lengtb‘ structure and were homerneous- TABLE I. Electrical properties of CuliGa, _,Te, thin films atT=300 K.
The CuIn,GaTe, films were vacuum-evaporated
(10" °Torr) by means of an industrial free-running lagar X, T, d, p- 10, p-107*, up,
=1.06 um, tyyse=103s, Fpyse=150-180J.° The sub- MOl-% °C opm Q-cm cm® e/ (V-s)
strates were chemically cleaned glass maintained at a tem- 1 g 470 0.32 2937 5557 34-38
peraturel = 470—490 °C. The thicknesses of the final films  0.27 480 0.72 147.8 4.1-5.9 14-18
in the active area of 2 chrwere 0.3-1.0 um. 0.5 480 058 2432 4.8-6.7 16-27
The composition of the thin films was monitored by mi- 0.6 480 0.54 3436 6.8-13 20-43
. . 0.87 480  0.63 132.2 3.1-16 41-60
croprobe x-ray spectral analysis and was reproduced in the 4 480 050 1421 4.4-10 67-91

diagnostics of different sections of the filnfwithin +5%

1063-7826/99/33(7)/4/$15.00 757 © 1999 American Institute of Physics
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FIG. 1. (a) Structure of a heterojunction utilizing a Cua, _,Te, thin film
(1) and an InSe wafef3) deposited on the surface a glass subst{2te(b)
steady-statd—V characteristic of g-CulnysGasTe,/n-InSe heterojunc-

tion atT=300 K.

Rud’ et al.

3. FABRICATION OF PHOTOSENSITIVE STRUCTURES
AND THEIR PROPERTIES

It has been established on the basis of investigations of
contact effects of the prepared films with various methds
Cu, Au, Mo, etc) and the lamellar semiconductor InSe that
the reproducible observation of a pronounced photovoltaic
effect occurs only for ap-CulnGa _,Te,/n-InSe hetero-
junction.

The structure of the fabricated heterojunctions is shown
in Fig. 1a. A freshly cleaved wafer of indium selenide 3 of
thickness~50 um and area ranging from>2 mm to 5x5
mm is pressed uniformly onto the outer surface of a thin film
of the solid solution 1, which is deposited on a glass sub-
strate 2. All the heterojunctions constructed in this way ex-
hibit the rectification effect with reproducible consistency. A
typical steady-state current-voltageV) characteristic for
one such heterojunction is shown in Fig. 1b. The direction of
the through current corresponds to negative polarity of the
external bias on the-InSe wafer in this case. The forward
branch of these curves obeys the equation

U=Uy+Ry-1, (1)

whereU, is the cutoff voltage, an®, is the residual resis-
tance of the structures, which is shown in Table II. It is
evident that the residual resistance for the prepared hetero-
junctions is fairly high and weakly dependent on the quantity
X characterizing the composition of the solid solution. Taking
the resistivity of CulpGa, _,Te, films into accoun{Table ),

we can assume that the high valuesRgfin the fabricated
heterojunctions are governed by the resistance of the hetero-
contact of films of different compositions with the cleaved
indium selenide surface.

When the prepared heterojunctions are illuminated either
from the InSe side or from the glass substrate side, a photo-
voltage is created as a result of separation of the photogener-
ated pairs of the active zone of the structures. The sign of the
photovoltaic effect does not depend on where the radiation is
incident on the surface of such structures or on the energy of
the incident photons; here a negative potential always corre-
sponded to indium selenide; this result, in turn, is consistent

of photoconverters utilizing thin films of the solid solutions with the direction of rectification in such heterojunctions.
not to be any lower than analogous CulpT@ CuGaTe
structures because of degradation of the current-transpof§,) photosensitivities of CuliGa, _,Te,/InSe are listed in

properties.

The maximum values of the voltag&() and current

Table 1l for both geometries of their illumination by ambient

TABLE Il. Photoelectric properties of heterojunctions based on {&dn ,Te, thin films atT=300 K.

R-10°5, Substrate illumination InSe wafer illumination

Structure type Q Su, S, hv, &y, STH S, hv, &y,

VIW wum/W ev mevV V/W um/W eV meV
CulnTe /InSe 13 10 1 1.23 500 10 0.5 121 50
Culny g/Ga 13T, /InSe 3.3 6 0.5 1.24 550 20 40 1.21 27
Culny (Ga 4Te, /InSe 2.0 4 60 1.22 150 1 10 121 25
Culny :GgsTe, /InSe 3.3 1 3 124 340 20 0.2 121 25
Culng »/G& 73T, /InSe 2.8 1 0.1 1.22 100 28 10 121 40
CuGaTeg/InSe 2.0 20 5 1.23 200 10 1 121 50
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junctions. The resulting spectra exhibit the following fea-
10° tures. The spectra are similar when heterojunctions utilizing
solid solutions of any composition is illuminated from the
side of the InSe film. The long-wavelength exponential edge
of » and its spectral position are determined by direct inter-
band transitions in InS&and the narrowly selective maxi-
mum of the photosensitivity is attributable to the influence of
absorption of the incident radiation by the film of direct-gap
Culn,Ga, _,Te, solid solutions. This is what causes the very
steep short-wavelength decay gffollowed by a monotonic
decrease of the photosensitivity. It is evident from Table I
that the energy position of the photosensitivity pebk)(in
illumination from the side of the InSe wafer, which is iden-
tical for all structure, is identical. The photosensitivity band
in the given photodetection geometry is found to have a
small FWHM (full width at half-maximum of the quantum
efficiency) &4, its value varying in the interval 25—50 meV,
which can be attributed to differences in the quality of the
heterointerface. The fact that the photosensitivity of the het-
erojunction is determined mainly by absorption in the indium
selenide can be identified with the predominant localization
of the active zone of these heterojunctions in the InSe film.
The latter condition is dictated by differences in the doping
levels of the InSe and the Cyl@a,_,Te, solid solutions.
When the illumination of the heterojunctions is changed
to the side of the Culita, _,Te, films, the maximum of the
quantum efficiency shifts 23 meV into the short-
wavelength region and is situated at 1.22-1.24 eV, which
corresponds to the width of the InSe band gdphis shift is
also found to be insensitive to the composition of the solid
solution films. In comparison with illumination of the hetero-
junctions from the InSe side, the long-wavelength edge of
is not as steep, and a number of heterojunctions exhibit a
long-wavelength photosensitivity pe#kig. 2, curves3 and
4) associated with increased absorption in the
Culn,Ga, _,Te, film. Another noticeable characteristic is an
increase in the width of the photosensitivity bands of the
heterojunctions when they are illuminated from the side of
' the CulnGa, _,Te, film, which is thinner than the InSe; this
25 effect is also attributable to the reduction of absorption in the
hv, eV InSe wafer. Finally, in illumination from the side of the solid
solution films the spectra ofy acquire in the vicinity of
FIG. 2. Spectral curves of the relative quantum efficiency of 1.5€V a steeper decay of the photosensitivity than in illumi-
Culn,Ga,_(Te,/InSe heterojunctions &t=300 K in ambient light. lllumi-  nation from the InSe side. This effect is probably caused by

nation geometry(1) from the InSe side(2-7) from the CulnGa,_,Te,  the influence of absorption in the solid solution film
side: (2) x=1.0 mole %;(3) 0.27 mole %;(1, 4 0.5 mole %;(5) 0.6 mole itself 10,11
%; (6) 0.87 mole %;(7) 0. The spectral resolution is at least 1 meV. :

n, arb. units

On the whole, it is probably reasonable to conclude from
a comparison of the photosensitivity spectra of the fabricated
light. It should be noted that we did not detect any distinctheterojunctions that the widths of the band gaps in the films
local dependence db; and S, when the placement of the of the CulnGa, _,Te, solid solutions and the InSe are close
InSe wafer was shifted along the surface of theto one another. This most likely accounts for our not having
Culn,Ga, _,Te, films, demonstrating good homogeneity of detected any appreciable differences in the spectra foir
the solid solution films. It is similarly essential to note the the two given photoexcitation geometries.
absence of any kind of degradation effects in the photosen- In summary, we have used Cyta, _,Te, thin films
sitivity of the structures formed by establishing direct opticalgrown by pulsed laser deposition, establishing optical con-
contact between the postgrowth surfaces of the solid solutiotact between them and InSe cleavage surfaces, to construct
thin films and the natural cleavage planes of the InSe. photosensitive heterojunctions with good potential applica-
Figure 2 shows typical spectral curves of the relativetions as wide-gap, narrowly selective photodetectors of natu-
guantum efficiencyn of CulnGa _,Te, thin-film hetero- ral radiation. At the same time, it is important to note the
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LOW-DIMENSIONAL SYSTEMS

Intraband light absorption in quasi-two-dimensional systems in external electric and
magnetic fields

E.P. Sinyavski and S. M. Sokovnich

Institute of Applied Physics, Moldovan Academy of Sciences, MD-2028 Kishinev, Moldova
(Submitted October 16, 1998; accepted for publication November 17,1998
Fiz. Tekh. Poluprovodr33, 828—831(July 1999

Intraband light absorption in parabolic quantum wells is studied with an electric field directed
along the spatial quantization axis and a magnetic field parallel to the plane of the size-
confined system. In such a geometry direct optical transitions between the quantum-well levels
are possible, the peak light absorption coefficient reaches large vahgs {0° cm™ 1),

and the frequency of the absorption maximum depends on magnetic field strength. It is shown
for the normal incidence of electromagnetic waves that the level of absorption decreases

with increasing electric field strength and that it is incorrect to confine the calculations to the Born
approximation in strong magnetic fields. €99 American Institute of Physics.
[S1063-782629)01407-9

1. The great interest in research on intraband opticathey permit relatively simple investigations of the intense
transitions(for example, transitions between quantum-wellintraband absorption of light incident parallel to the surface
conduction-band stategn quantum wellsfQW'’s) is due to  of the systemwith the polarization vector directed parallel
the possible creation of far-infrared detectbemitters, and  to the spatial quantization axisThe presence of external
high-speed modulators, as well as quantum cascade faserslectric and magnetic fields makes it possible to control the
The possibility of creating QW'’s of various width permits working frequency of an infraredR) detector and the level
variation of the working wavelength of the detector, makingof intraband light absorption.
guantum-well systems promising for optoelectronics. Intense 2. Let us consider a parabolic QW immersed in a uni-
absorption via intraband transitions was first observed irform electric field, whose intensity vectbris directed along
GaAs/AlGaAs QW's in Ref. 3. The strong infrared intrabandthe spatial quantization axis while the vector of the exter-
absorption at a wavelength of 8:2m in doped GaAs/AlAs nal magnetic fieldH is parallel to the QW surface. In the
QW's was investigated in Ref. 4. The peak absorption afield configuration under consideration the sought-for Hamil-
room temperature reached a value of 4¥*cm 1. The tonian for an electron can be written in the form
intraband absorption of light in indirect semiconductor QW'’s
has been studied extensively in recent y&atg. b= 1

Si/Si_,Ge, (Refs. 5-8, GaSbh/GgeAl g 4Shy Al 1 (Ref. 2m

6), and Ga_,Al,Sb/AISb quantum wellgRef. 9 can exhibit . . . .
) 3 -x"x d &Ref. 9 Herem s the electron effective maskw is the spatial quan-

intense intravalley absorptio.{—L2) in the[100] direc-
y P t-L2) [100] fization energy, and\ is the vector potential. In the gauge

tion, which can serve as a firm basis for employing them a h M (OHZ0) if th £ th
infrared detectors. Owing to the strong effective-mass aniso or the vector potentiah(0,Hz,0), if the vector of the exter-

ropy for normal incidence, the peak absorption reaches hig al magneftlc f|gld IS d(;regted aklnng tixfea;qs |[_|H(|_.|I’O’O.)]’
values (~9x 16° cm 2. the wave functions and eigenvalues of the Hamiltonian can

2

. e
P+ -A| +eFzt Emwzzz. (1)

This paper describes an investigation of the features olf’e found directly:
the intraband light absorption in parabolic QW'’s in external
electric and magnetic fields. v (r)=

Parabolic QW’s are very attractive quantum-confined VLyLy
systems, since equidistant quantum-well states appear in 1
them when the thickness of the well layedy is fairly large. Xexr{ — 2\ (z+24)?
For example, for GaAs/AGa _,As parabolic QW'’s with 2
do=1000 A the quantum-well step reaches 14 meV, and )
these quantum levels can, therefore, easily be observed ex- g :iﬁszJr i(ﬁ)
perimentally afT<100 K. Thus, it is not surprising that the “2m- o 2mlwg
optical properties of parabolic QW’s have been investigated
experimentally in structures wittly>2000 A2 Just such X (Ky— Ko)2+ g
broad QW'’s can be very promising for optoelectronics, since Y

1/4
(;) exgi(Ky+Ky)]

HilW(z+20)], ()

e2F2
—— (€)

2mw?

L
3
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Here Vo ~
W (N=vO(r)+ - TOr)G,(r,20).
N=Mawylh, w%=w2+ wg, w.=eH/mc, 1-VG,(20,2p) @
~Zp=(eF+hwkK,)/mo], Ko=eFo/fiw?, The Green'’s functiorG,(r,z,) is defined by the relation
Hn(x) are Hermite polynomialsg(n,K,,K,) are the quan- O )yw* 0z
tum numbers specifying the quantum statég,andK, are Ga(r,zo)zz LI; = “+_5 , 0—+0, (8)
o’ a Egr |

the projections of the electron wave vector, dndandL,
are the lengths of the QW in theandy directions, respec-
tively.

Let linearly polarized light with a frequenc§ be inci-
dent parallel to the surface of the parabolic QW, and let the
polarization vector be directed along the spatial quantization _ d
axis. In this case direct optical transitions are possible be- A(Zo)= 1+x—+y— (z— Zo)— AN
tween the lower state witm=0 and the next state with
n=1, and the light absorption coefficient is specified by theln writing formula (7) it was assumed that the impurity is

V, describes the power of the impurity center and is related
to the energy of the localized stat, (Eo=—2mn%4%
vZmd), and

relation localized at a point with the coordinateg(0,0z).
If the polarization vector of the light wave is directed
K(Q) 4me\h 0% @ along the magnetic field strength vectdt||0x), the matrix
= n . i :
c\egm2Q e Y2+ (wg— Q)2 element of the momentum operator acting on the wave func

tions (7) can be calculated directly. As a result, with consid-

Here n, is the electron concentration in the size-confinegeration of the energy conservation lek, —E,=#{) we
system; e, is the dielectric constant of the semiconductor©Ptain

QW; and the quantity 22y specifies the intraband absorption

half-width and, with allowance for the scattering of eIectronsJ W (r)P,W (1) dr

on acoustic modes in the elastic-scattering approximation

temperatures whete,T/%wy<1, has the form

B VO()\)l’zl 1 p[ N
[Mmo ke TME; [ wg) 32 Lyl Qg ex 2% %)
2yh= 2ah phi2v2 (a)) ' ©) A
_ _ _ | ><exp[— 5 (25+20) Hil VA (Zo+ 20) IHyy
whereE, is the deformation potential constaptis the den-
sity of the crystal, ands is the speed of sound. For the K.

typical parameters of a GaAs/AlGaAs parabolic BA=7 x[\/X(E(’)Jr zo)]{ -

eV, p=5.4 glenf, v=3x10° cm/s, m=0.0am,, and 1-VoG}(20,20)

ho [eV]=14/d, [A], at T=300 K we havewy/w=12,

do=10C* A, and 2y7~5 meV. According ta4), the absorp- + ~KX . )
tion coefficient at the maximuma(,={) has the form 1-V,G,(24,2p)
K wo) = 4me?n./c\egmy, (6) We shall henceforth consider the case whéfiruy>1,
in which the electrons are in the lowest conduction bamd (
and for ng=2x10"%cm 2 and ¢9=8.2, K,(wg)=3%10° =0). Processes with the absorption of light followed by
cm L. scattering on an impuritythe second term if9)] are less

Since the energetic distance between the electron statg¥,obable than processes with scattering on an impurity po-
which is equal to%wg, increases with magnetic field tential followed by the absorption of electromagnetic radia-
strength, there is a unique possibility for controlling thetion [the first term in(9)]. Using the approximations indi-
working frequency of an IR detector over a broad range bycated above, we can represent the absorption of light in the
varying the external field. form

3. If an electromagnetic wave is incident perpendicularly o2
to the surface of the quantum-well system, intraband light K(Q)= 8me“VoNe N ) 1
absorptlon is possible when'a “thll’d. pody,” WhICh alters th_e c\/s—om293 (Lxl—y)2 N KKy o’
guasimomentum of the carrier, participates in the absorption
process. Let us investigate indirect optical transitions, where X exfd — N (Zo+ zo)2Jexd — N (4 + 20)?]
electron scattering occurs on an impurity center, which we
shall describe in the zero-range potential mddéiccording K’2
to the solution of the Lippman—Schwinger equation, in this XHAL [N (Z9+20)] VB2 (20,202
model the wave function of a band carrier with an endggy 0 070
has the form X E, —E,—hQ], (10
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FIG. 1. Frequency dependence of the light absorption coeffigienelative
units): 1-3 — £2=0,1,2, respectively.

whereN_, is the concentration of impurity centers.
For nondegenerate semiconductor QW'’s
0

ok =n ( ) mBh”

xKyn: e m

wheren2= N/L,L, is the surface concentration of electrons.

(O]

wo

2

h2
(Ky_ KO)Z

h2K2
+_
2m
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w

wo
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FIG. 2. Temperature dependence B{B,5). 1-4 — 6=0.25, 1, 4, 10,
respectively.

insignificant; therefore, it can be assumed thkiafs, ()
~exp(—&)(w/Q)?, i.e., that®(£,) decreases with increas-
ing &2.

If the impurity is located at the midpoint of the size-
confined systemz,=0, and &= (e’F?/m2w*)\,, then in
the absence of an electric field the minimum of the electron
potential energyfU(z)=(1/2)mw?z?] is located above the
localized state. In an electric field whose intensity veétis

Let us consider some particular cases, which permit agjjrected along the spatial quantization axis, the minimum of

analytical investigation of the behavior Bf(()) in external
fields. If there is no magnetic fieldu.=0, wy= w), the in-
traband light absorption takes the form

K(Q)=K®(Q)I(&,B). (11
Here we have introduced the notation
e2V2N.n.m
K(B)Q:L —£2)D(£,Q),
()= o AP
) eF 2 Mw
&= Zo*‘ﬁ Ao, )\0_7,
H2&) [ ho \[w)2
_ _ g2 _ = it
P& Q) =exp —¢) 2 T (1 m”)(n) :
® exp—X)
JéEB=| ——— 12
(&8 f0|1_Gx(Zo’Zo)|2 4

As follows directly from the energy conservation law,
1-nw/Q=0. The functionJ(&,B) describes the deviation
of K(Q) from the absorption in the Born approximation
K(®)(Q). The Green’s functiorG,(zy,2,) is calculated by
the usual procedure used in the zero-range potential ntddel.
The expression fo6,(zy,2,) is not presented here because
of its cumbersomeness. An analysis reveals that at temper
tures where iw/koT>1, expE£&)JI(&B) is essentially
temperature-independent and decreases with incregéing
Figure 1 presents the dependenceldé () on Q/w for
various values of?. As the calculations show, the contribu-
tion of the high-energy states with#0 to ®(£Q) is

the potential energy[U(z)=(1/2)mw?z>+eFz moves
away from the impurity, and the electron-impurity interac-
tion consequently weakens. The latter circumstance also
causes the intraband light absorption to decrease with in-
creasingé?. A somewhat different situation arises when the
dopant atom is not located at the center of the QW. If the
impurity is located at the point-z, then &=\(—2z,
+eF/mw?) and the potential energy minimum approaches
the impurity asF increases 2 decreases causing enhance-
ment of the electron-impurity interaction, i.e., an increase in
intraband light absorption. f,=eF/mw?, £&2=0 and a fur-
ther increase ifF [with movement of the minimum df) (z)
away from—z,] leads to an increase #¥, i.e., to a decrease

in K(Q). The appreciable variation of intraband light ab-
sorption as a function of the magnitude and direction of the
electric field intensity and the site of the dopant atom can be
important in optoelectronics.

Let us consider the case where the scattering centers are
located at the midpoint of the QWz{=0) and there is no
electric field ¢2=0). At low temperatures#w/k,T>1),
(welw)?(koT/hwg)<1 and the expressiol0) for #Q)
<hwq (in the sum oven’ we retain the term witm’ =0)
takes the form

K(Q)=Ko(wo/0)2I(B, d)exp— )ilo(y) +11(9)}. (13

Here Ko=2e?VanN.micVeohto, y=8(Q/wg), 6= (w/
w)?, 1o(7y), andl,(y) are the modified Bessel functions of
order zero and of first order, respectively; adg¢(B,9d) is
described by EQq.(12), in which the Green’s function
Gy(20,20) is calculated foré=0, but 6#0, by the usual
methods used in the zero-range potential thédry.
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FIG. 3. Dependence of the light absorption coefficient on magnetic (field
relative unitg: 1, 2 — Q/w=1,0.8, respectively. Dashed line — Born ap-
proximation forQ/w=1.

Figure 2 presents the dependencdgti3, 5) on Bwh for
various values of the magnetic field. Curviks4 were ob-

E.P. Sinyavski and S. M. Sokovnich

Figure 3 presents the dependence of the intraband light
absorption(in relative unity on magnetic field strength for
various values of)/w. As can be seen from the figure, the
absorption exhibits nonmonotonic behavior as the magnetic
field strength increases. We note that in the Born approxima-
tion (the dashed line in Fig. 3, which was obtained for
O/w=1) K(w) increases with increasing. Therefore, the
level of intraband light absorption in quantum-confined sys-
tems exhibits an appreciable dependence on the strength of
the external electric and magnetic fields, which can be very
important for the operation of IR detectors.
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The energies of electron and hole polarons in spherical quantum dots based on materials with a
high degree of ionicity are found. It is established that consideration of the valence-band
degeneracy causes the hole polaron binding energy to be greater than the electron polaron binding
energy. The polaron effects increase with decreasing quantum dot radius. Interband optical
transitions are accompanied by partial compensation of the polaron effects, because the emergent
electron and hole tend to create polarization potential wells with opposite signs. It is shown

that complete compensation of the polaron effects does not occur when the valence-band
degeneracy is taken into account. Therefore, interband transitions are accompanied by
polarization of the medium. Such polarization is manifested by the appearance of a series of
intense phonon replicas of the lines for the electronic transitions19@9 American Institute of
Physics[S1063-782809)01507-7

1. ELECTRON STATES IN QUANTUM DOTS orbital quantum numberand the radial quantum number

) ) ) . (Ref. 3. They were found for a spherical quantum dot with
The confinement of charged particles and excitons inqfinite walls in Ref. 4:

guantum dots leads to significant enhancement of the inter-
action of these particles with one another and with 72

longitudinal-optical phonons. In materials with a high degree Eln:2m R2 Cﬁ(l ),

of ionicity the enhancement of the interactions in a quantum €

dot leads to an increase in the polaron effects in comparison J[CA(DIIR]Y (6, 0)

to bulk materials. hin= 4
It was shown in Refs. 1 and 2 that polaron effects be- Wi+l Ca(D)]

come stronger as the dot size decreases. The enhancem@iMereC, (1) is thenth root of thelth spherical Bessel func-
parameter is the ratio of the radius of the polaron s&gt®  tion J,(x), andY,,(6,¢) are spherical functions. The depen-

the dot radiusR: dence of the wave functiot,, on the projection of the mo-
a mentum onto the quantization axXis., the quantum number
EO>1. (1) m) is not significant for calculating the polaron binding en-

ergy. Therefore, the indem is not added to the wave func-
In this case a strong confinement regime is realized for cartion in Eq. (4) or anywhere below.
riers in a dot. The conditiofil) means that the binding en- If the spin-orbit split-off band is disregarded, the hole
ergy of a polaron is smaller than the quantum-well energy opand in typical semiconductors is quadruply degenerate at
the particle in the dot. Then the electréole) wave function  the I' point of the Brillouin zone. This degeneracy can be
¥en in the zeroth approximation is specified by the Sehro taken into account if the spherical Luttinger Hamiltonian
dinger equation for a quantum dot without electron-phonorserves as the hole kinetic energy opera?ﬂqn
coupling:

5 p2 7 AR 2
He,h¢e,h+ve,h(r)¢e,h:Ee,h‘/’e,h- (2) Hh_(y1+§y)2_r%_m_o(pj) ! (5)

whereH,, is the kinetic energy operator ath () is the  where] is the momentum operator with=3/2, m, is the
potential energy of the particle in the quantum dot. The Ki-free-electron mass, and the parametgysand y are related
netic energy operator of electrons in direct-gap semiconduco the heavy- and light-hole masseg andm, by the expres-

tors has the form sion
. h? p? Mo
== 2: m = . 6
He 2meV 2m,’ ©) h=y +2y 6)
wherem, is the electron effective mass. Equation(2) with the kinetic energy operatdf5) has the

The energy and wave function Corresponding to the sofO”OWiﬂg prop_erties. The hole wave _fUﬂCtiOl"IS for a §pheri-
lution of the Schirdinger equatiori2) with the kinetic energy ~ cally symmetric quantum-dot potentigh,(r) are classified
(3) for an arbitrary spherical potentigl, ,(r) depend on the according to the value of the momentdis-1 +j, wherel is

1063-7826/99/33(7)/6/$15.00 765 © 1999 American Institute of Physics
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the orbital angular momentum. The wave function of a hole  C,(1)=kR=C(1), (11
with ‘,”1 total rrjomerjtumF is expressed in tgrms of the wave where C,(1)=5.76 is the first root of the second-order
functions forl andj (Ref. 3, Sec. 106 Forj=3/2 we have  gpherical Bessel functiod,, andCo(1)= is the first root

of the zero-order Bessel functialy.
yen=V2F+1 El (—1)! 73 MR (1) When the light- and heavy-hole masses coindjgie 1),
the angle-dependent part of the wave functijgg from (7)

| 32 F vanishes, andR, from (8) coincides with the radial part of
X D m M Y60 x, (7)  the wave functionjq, from relations(4) for a nondegenerate
m, s m a band.

HereM is the projection of the momentuf onto the quan-
tization axis, y,, is the projection of the matrix eigenvector
liJl, u is the eigenvalue corresponding to that eigenvectof- ELECTRON AND HOLE POLARONS

(lizlxu=pxu), and In quantum dots based on materials with a high degree
| 32 F of ionicity the strong electron-phonon interaction leads to the
appearance of polaron states. Polaron states are manifested
m u —-M . L
by appreciable variation of the electron and hole quantum-

. ' . . well energies in a quantum dot.
is a Wigner 3 symbol. The summation if7) is carried out Let us find the binding energy of a polaron in a quantum
over all values of the quantum numberin the range qot For this purpose, the electron-phonon coupling energy

|F—3/2<I<F+3/2 and over the values ofiand u which 5§ the phonon self-energy should be added to the 'Schro
satisfy the conditiorm+ w=M. The hole ground state in a dinger equatior(2). We thus obtain

guantum dot corresponds to the momentam3/2. The en-
ergy Ery of an arbitrary quantum-well level and its wave ~ N 2mh
: A Hent+Vent 2, hwgad,agte\/ ——
function ¢y depend on the total momentumand the ra- eh’ Yeh % “qcq % Ve
dial quantum numbeN. The dependence of the hole wave L
function on the momentum projectioM, like the depen- iq-r —igry |
. X —(aqge" ' +aye =Ey, 12
dence of the electron wave function om is insignificant for Eq: \/w—q q( a d )=y (12
calculating the polaron binding energy. Therefore, the index n I .
M has been omitted ifi7). wherea, anda, are tlhe Qhonon annihilation and creation
In the expression for the hole wave functitf) the an-

operators and =g, —¢. 1 is the optical dielectric con-
gular dependence is given in an explicit form, and the radiaFtant' The parametét) permits the use of the adiabatic ap-
wave functionsRg | depend on the specific form of the po-

proximation, under which the motion of the electr@role)
tential V(r). The equations foRg | in the case of an arbi-

in the quantum dot is fast and the polaron motion is slow, in
trary spherical potential were found in Refs. 5 and Bo& the calculation of the polaron energy. Averaging Eip)
found the radial functions for a quantum dot with infinite

over the fast-motional wave functiornid) or (7), we obtain
walls in the case oF =3/2. They have the form the. equation for a particle in a phonop polarization well,
which depends on the slow phonon variables:

o(kR) 27h
R o=Rg=A Jo(kr) — ———=—Jy(k , " ™
32.0=Ro=A(B)| Jo(kr) 3o(kVBR) ol \/,Er)] H(ln):Eanr% hogalagte e
Jo(kR) Jogq
Rsp =R,=A Jo(kr)+ ———=—J,(k\Br)|, (8 Vo hant| +p* +
327=Ro=A(B)| Ja(kr) Tk JBR) 2(kVBr) |, (® % R LGIERACIE ! (13
whereA(B) is the normalization facto@=m,/m;,, andkis  where
the solution of the transcendental equation following from
the condition that the wave functioit8) vanish on the infi- Pm(CI):j ey (r) ddr. (14)
nite walls of the well:
B Herep,,(q) is the Fourier component of the electron density
Jo(kR)I2(kVBR) + Jo(KVBR)Iz(kR)=0. 9 of states at the level with the quantum numbleasd n.
The parametek is related to the hole ground-state enekgy Equation(13) can be brought into diagonal form with
in the following way: respect to the operator:li;r and a, using the unitary trans-
1 formation
k= H\/thEh. (10) e 2ar . .
Uin=ex % a m(pln(Q)aq_pln(q)aq) . (19

The dependence & on the mass rati@=m, /my, was given
in Refs. 7 and 8. Ag3 increases in the rangesg3<1 the  Applying the unitary transformatioril5) to Eg. (13), we
dimensionless parametkR decreases in the range obtain
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N 2me? )|? R
AN =, — < ; |p”c(;j| +§ fiwgagay. (16) Bg3’2’1>=R| foerr[Rg(rHRg(r)]
1(r
The second term on the right-hand side of Etg) is the X Ff radry [R3(r)+R3(ry)]
electron binding energ E(™ at level (n) in a polarization 0

well. Such a state is called a polardGubstituting the ex- R
pression forp,,(q) from (14) into (16) and going over from +J rydry [RE(ry)+ R%(H)]}
summation ovenq to integration, we obtain '

4 (R
+—J r2dr Ry(r)Ry(r)
5Jo

27€? & |pin()[?
Ve 2

()= _
AE >

q q f" r;-;
2 .2 2 0 X| | —5dryRo(r1)Ra(rq)
:_S_EJ ¢In—(|:)¢:?|(r g avr, 17 o
B Rdr
+r2fr r—llR(J(rl)Rz(rl)H. (20

The expression for the energy of a hole polaron is obtained
in a similar manner. It differs frong17) only in that it con-  In the regiong~1 the degeneracy of the energy bands has a
tains the integral of the squares of the hole wave functiongveak influence on the form of the radial part of the wave
Y2\ (r) from (7). To find the polaron binding energy, we function. The functionR,(r) is small, and the parameter
substitute the wave function@) and (7) into (17) and cal- B{¥*") is close to the value 0B for a nondegenerate

culate the corresponding integrals. band. The values dB;"(;3) for an arbitrary mass ratio can
In the case of a simple band with the wave functidp  be found only numerically. A plot oB{***)8) obtained by
for an electron polaron we obtain numerically integrating Eq(20) is presented in Fig. 1. The
maximum deviation of the polaron binding energy in a de-
. generate band from the polaron energy in a simple band is
AE(M=— ﬁB(e'”), (18)  observed aj3~0.2. Several features in the behavior of the

hole binding energy in a spherical quantum‘dand in the
splitting of the hole energy levels in a quantum dot in the
where BQ”) are numerical coefficients, which differ for dif- presence of an aspherical perturbalibave previously been
ferent quantum-well levelslif). For the ground state of an obtained for just such values @t

electron in a quantum dot the respective coeﬁicﬁﬁf‘) is

3. POLARON EXCITONS
Si(2m) _ Sic4m)

27 4

~1.79, Interband optical transitions in a quantum dot are accom-
panied by the simultaneous appearance or disappearance of
an electron and a hole. In ionic materials each particle tends
where Si§) is the sine integral. When the potential energy ofto create its own polarization well, and the potential energies
the quantum dot is described by a well with infinite walls, of these wells have opposite signs. Partial compensation of
the electron wave function$4) and the electron polaron

binding energy(18) do not depend on electron mass. When
the finite height of the barrier is taken into account, such a

B=2(1

215
dependence on mass appears.
To find the hole polaron binding energy in the case of a
degenerate valence band, the wave functighsshould be 205
plugged into Eq(17). We thus obtain 2
5 S 195
EN e (FN) § o
AERY=—o—=B M (B), (19 &
185
where the dimensionless multiplig™™(8) depends on the
number of the quantum-well levelF(N) and on the ratio 7'750 07 o T ] 0! [
between the light- and heavy-hole masgeSince the angu- ) ’ A ) 4 70

lar dependences of the wave functidigare known exactly,
the integration over the angles can be performed analyt|call¥| G. 1. Dependence of the dimensionless coefficiE®) from the ex-

to find the hole pO|a!'0n energy. As a result, for the hol€pession for the hole polaron binding ener@p) on the ratio between the
ground state we obtain light- and heavy-hole mass¢s
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the polaron effects occurs as a result. This compensation i<
complete, if both the electron and the hole are described in a
nondegenerate band model. However, the difference betweel
the electron and hole charge density distributions appearing -~ ™
as a consequence of valence-band degeneracy preclude &
complete compensation of the polaron effects. -

When there are two charged particles, viz., an electron
and a hole, in a quantum dot, the Safirger equation can
be written with allowance for the interaction of the particles
with polar optical phonons and their Coulomb interaction by
analogy with(12):

©1,32,1)
8

o 2 08 10
+Hp+ Vet V- ——+ .
Ao+ Hpy+ Vet Vy, T }q} fiwgag aq
> 1 FIG. 2. Dependence of the dimensionless coefficfff-*?Y from the
™ — iq. _iq. expression for the polaron exciton ground-state binding eng@yon the
+e Ve % Wq a[(aqelq re"_aq e ' re) ratio between the light- and heavy-hole masges
—(age'*"+a, eiq"h)]} W(re,rn)=E(re,ry). where p;, en(Q) includes the density for both the electron
and the hole, we obtain the polaron exciton binding energy
(21) AE|, gy in the form
When the strong confinement conditi@h) holds for both the e? r d3d3r’ ) )
electron and the hole, the energy of the Coulomb interaction ~ AEinev="—175_ m[lﬁm(r)— Pen(r)]
of the particles with one another, as well as the energy of
their interaction with polar optical phonons, are smaller than x[,/,fn(r') — l/’éN(f')]- (26)

the gap between the quantum-well levels in the dot. The . . o _
wave function of the electron-hole pair then reduces to the ' NiS energy can be represented in a form similafl®):
product of the wave functions of the electron and the hole in 2

e
certain quantum-well levels, i.e., AEjh pn=— ﬁBm’FN(ﬁ)- (27

P(re,rh)=thin(re) Yen(rn), (22)  Here the dimensionless coefficierB§™FN) () depend on

and the wave functiong,,(r) and¢ey(ry,) are specified by the ratio between the Iigl_wt- and h(_agvy-hole magseA plot
Eqs.(4) and(7), respectively. of B(OL321Y B) for the optical transition between the electron
Averaging Eq.(21) over the fast-motional wave func- (=0, n=1) and hole £=3/2, N=1) ground states is

tions (22), we obtain the dependence of the polaron excitorShown in Fig. 2. The magnitude of the polaron S, ry
energy on the slow phonon variables: increases upon variation of the dimensions of the dot in pro-
portion toR™ 1.
- 2mh It can be seen from Fig. 2 that the interaction with
(In,FN) _ + .
Hex E'”vFNJrzq“ hoqgagaqte Ve phonons is significant for the electron-hole pair only at a
fairly small ratio between the light- and heavy-hole masses
wq * 4 B<0.6. WhenpB~1, the functionR, from (8) is small, and
x % q (PinFn(@)3q T pin pn(A)3g ), (23) R, reduces to the electron wave functigg, from (4). In this
case there is essentially complete compensation of the po-

where laron effects from the electron and the hole.

Pin,eN(D) = pin(Q) — pen(D) (24)
: . , 4. INTRABAND OPTICAL TRANSITIONS
is the Fourier component of the difference between the

charge distribution densities for the electron and the hole. The polaron states in quantum dots are manifested in
The quantityE,, v is the energy of the optical transition two effects accompanying interband optical transitions. First,
without allowance for the electron-phonon interaction andintense phonon replicas of the line for the interband elec-
contains the energy of the Coulomb interaction of the electronic transition appear because of the polarization of the
tron and the hole averaged over the wave funct®). medium by the charged particles. Second, the difference be-
Equation(23) is structurally similar to Eq(13) for an  tween the polarizations of the initial and final states produces
electron polaron. Applying a unitary transformation analo-a large Stokes shift between the absorption and emission
gous to(15), lines.
When light is absorbed, there is only a photon in the
U, = E e 2m + x initial state, and there is no electron in the conduction band
=R < g Vsﬁwq(p'n‘FN(Q)aq Pinen(@)aq) |, or hole in the valence band. The wave function of such an
(25 initial state can be written approximately in the form
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W= 58(ro— rh)q)i/ib- (28) At p=1we have y; 3, =1, and the limit3—0 corresponds
to
Here the presence of the multipliéfr.—r,) means that the
electron is still in the valence band, i.e., where a hole appears
after absorption, an@,;, is the vibrational wave function of
the initial state.

A(0)\2C4(2)sinC4(2
lo13240)= ( W[wzi(Ci(Z)z]l( )~0.335.

The wave function of the final state is It can be seen thaly, 3, {B) varies fairly slowly with the
ratio between the light- and heavy-hole masges
W= ihn(re) zﬁFN(rh)tbf,ib. (29 Displacement of the equilibrium position of the vibra-

tional wave functions appears in our calculations of the tran-

Here the first two multipliers correspond to the wave func-sjtion probability(30) as a consequence of the unitary trans-
tion of the electron-hole pair from Eq22), and®};, is the  formation (25), which was applied to the Hamiltonia@3).
vibrational wave function of the final state. It is next shown In fact, the probab|||ty of mu|tiphon0n transitions is Speciﬁed
that because of the difference between the polarizations qu the integral over the vibrational coordinatesin (30):
the medium in the initial and final state@J,ib has an equi-
librium position displaced relative td,, . o j i g

The probability of the absorption \g?‘ a photon in a dipole Wit dxq PuipPip
transition has the form

2

2
o 2 2 =fdxqcbi(...xq...)eU1<I>f(...xq...) . (33
Winen =7, [PevlItin e Z Wit O(Ein = Er—fiw). The functionse“1®¢(...xy...) and ®;(...X,...) are
(30 nonorthogonal and, as was shown by Huang and Rhys)s
lead to multiphonon transitions.

Let us find the displacement of the equilibrium positions
of the oscillators in response to the canonical transformation
(25. We plug the usual expressions for the creation and
annihilation operators for theth harmonic oscillator in

Here P, is the interband transition matrix element in Bloch
modulating functions), gy is the overlap integral of the

envelopes of the electron wave functio@® and the hole

wave functiong7), W;; is the square of the overlap integral
of the vibrational wave functions with shifted equilibrium A -
positions, and; is the vibrational energy of the final state of j[erms of the coordinatex) and momentump) operators
the system. Let us examine the case of the fairly low tem!"t0 (25

peraturesl <7 wg, Wherew, is the threshold optical phonon 1 2m -

. . _ qu{ ~ o Pa
frequency, and therefore disregard any processes with pho- aq_§ Y \xq+| V ,
non absorption i(30). The energy conservation law corre- 0@q

sponding to thes function reflects the fact that, due to the 1 PV ~
displacement of the equilibrium position of the vibrational at=2+/ ; q(iq_iM&)’
0Wq

states, the electronic transition is accompanied by the emis- 12
sion of any numbeK of optical phonons, whose total energy \yhereM, is the oscillator mass. Taking into account that the
equalsk; already in first-order perturbation theory. It has g rier component of the electron densiiy £r(q) is a real

been taken into account in the energy conservation law i'&uantity and substituting34) into (25), we obtain
(30) that the absorption process takes place in the absence of

polarization of the medium, because there were no charged . ) e 2 -

particles in the system before absorption of the photon. U1=ex;{ _'% Qhwg V Wpln,FN(Q)pq
The matrix elemenP,, for an allowed interband transi-

tion is nonzero. The overlap integral of the envelopes of theAs we know from quantum mechaniéshe operatorU,

(34)

. (35

electron and hole wave functions from (35) for an oscillator with the coordinate, is the op-
erator of parallel transfer to the final state, which is
lIn,FN:f d3r (1) Pen(r) (31 e o
Sq=~ w_qqpln,FN(q) MoVe'

determines the selection rules for the electron and hole

quantum-well levels in a quantum dot. It follows from the As a result, the probability of multiphonon transitiowg;

form of the wave function$4) and (7) that a larger number from (33) is equal to the product of the transition probabili-

of transitions between excited electron and hole states afié€s wq for each oscillaton:

allowed with consideration of the degeneracy of the valence

band than in the case of nondegenerate bands. WifZH wq:H f dXg @i(Xq) D ¢(Xq—Sq)
For the transition between the ground electrdsQ, q q

n=1) and hole F=3/2, N=1) states we obtain

2

(36)

The transition probabilityv,(K,) calculated from the wave
5 (R functions of an harmonic oscillator for an oscillator with the
o1 32 {,8)=A(,8)—7T r2dr RyJo(7r/R). (32) coordinatex, upon the emission df, optical phonons by it
h R%2Jo has the for
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,Mowyq Kq of the electron energy b E,, . After recombination of
Sq 7 1 M oo the electron and the hole in the emission process, the me-
0y(Kg) = K ex;{— > Sq qu (37 dium remains polarized. Therefore, the energy of the final
27a(Kg)! state exceeds the energy of the ground state. Within our

The probability of the emission of a certain number ofmodel of dispersionless phonons, this energy difference is
phonons K is obtained by multiplying the probabilities €dual to the same quantityE,, ey from (27). Therefore, the
wq(K) of the emission oK, phonons by thejth oscillator ~ Probability of such a transition is

from (37), so that the sum over all the oscillators gives 20

3 Kq=K. Taking into account all the possible permutations Wy ey (@)= 7P§v|||n,FN|22 W(K)

of K, we obtain K

(z . ZMowq)K ><5(E|ny,:N—2AE|n,FN—Kﬁwo—ﬁw).
97 1 Mo (44)
W(K)= — exp — 5 > | sq2—d|. . .
2KKI 249 h A comparison of(42) and (44) reveals that there is a Stokes

(38)  shift AEg between the absorption and emission lines, which

Calculations of the probabilit{38) with consideration of the 1S

phonon dispersion o, are fairly cumbersome. However, AE¢=2AE |, pN- (45)
for optical phonons, which exhibit weak dispersiom(

~ wg), we obtain Thus, the polaron effects accompanying interband tran-

sitions in quantum dots should be manifested in the appear-
K 1, ance of both intense phonon replicas and a significant Stokes
KK ex;{ - 550), (39  shift. To identify polaron effects, both phenomena must be
observed simultaneously. Each of them taken individually
whereS, is expressed in terms of the polaron exciton bind-can be attributed to other mechanisms.
ing energy(26): Large Stokes shifts of the lines of optical transitiths
and intense phonon replidshave been observed experi-
(40) mentally in [I-VI-based quantum dots. However, we do not
hwg know of any experiments in which these two phenomena and
their dependence on the dimensions of the quantum dots
were investigated simultaneously.
This work was carried out with support from the Russian
W(0)=e*53’2. (42) Fund for Fundamental Resear@Brant 98-02-18295

W(K)=

Mowq _ AEln,FN

SO:% |Sq|2 7

If K=0, we obtain the probability for the zero-phonon line,
which is

When the dispersion of the optical phonons is disre-
garded, i.e., whem,= wo, the final state of the system is
determined only by the number of phonons emittiéd *)E-mail: iip.ton@pop.ioffe.rssi.ru; Faxt(7)-(812)-247-1017
Therefore, the sum over the final states of the system appear-_______
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The transport and optical properties of tHayers in GaAs are investigated as functions of the

Sn concentration. The Shubnikov—de Haas and Hall effects are measured in the temperature
range 0.4-12 K in magnetic fields up to 38 T. The band diagrams and quantum mobilities of
electrons in the quantum-well subbands are calculated. Features associated with electronic
transitions from quantum-well levels are found in the photoluminescence spectra of the structures.
Oscillations of the resistance are observed in a magnetic field parallel ®layer and are

attributed to features in the density of states at the Fermi level19@9 American Institute of
Physics[S1063-782809)01607-3

1. INTRODUCTION The temperature dependence of the resistance was mea-
sured in the temperature range €.#<300 K. The Hall

to r][e of t?et Eﬁ?tlve meth‘l’dﬁ fotr obta!nlng a_h'ghdcotn'effect and the magnetoresistance were investigated at 0.4
centration o ‘fwo-dimensional €lectrons in SeMICONAUCIOr 115 k jn fixed magnetic fields up to 10 T and in pulsed
structures isé doping, under which an impurity is concen-

. . S ) fields up to 38 T. The pulsed magnetic-field facility of the
trated in a very thin layer, which ideally consists of anly oneUniversity of Amsterdam was used for the measurements in
sheet of atoms. Silicon is usually used #®doping. Tin has

hitherto b d onlv t Il extent dal GaA magnetic fields up to 38 T. The measurements of the low-
bl erto e](car} ushe_ hony oa sfma e>f< en ope dt'ahs temperature photoluminescence spectra were performed at

ecause of its hig . capa_lcny_ or surface segregatial, 4 5 using an MDR-3 spectrometer and a photomultiplier
though, as a donor impurity, it is less amphoteric than sili

hich has b d traditionally ; s “operating in the photon-counting mode with optical excita-
con, which has been used traditionally to creaitype tion by the output of an argon las¢the wavelength was

layers. The use of Sn makes it possible to obtain a higl3314.5 nm, the radiated power was 7 mW, and the spot diam-
concentration of two-dimensional electrons in thkayer. In eter was 1 mm ’

the present work the transport and optical properties obtin
layers on a singular surface are investigated in GaAs/

GaAg#-Sn) structures as a function of the tin concentration.3, CONDUCTANCE AND MAGNETORESISTANCE OF THE
Scrutiny of the results of the tiiidoping of singular surfaces STRUCTURES INVESTIGATED

is important for comparison with data on the #irdoping of
vicinal (or high-index gallium arsenide surfaces, which are
promising for creating one-dimensional electron chanfls.

The resistance of sample 1 with a relatively small elec-
tron concentration increases as the temperature is lowered
from room temperature to liquid-helium temperat(fe. 1).

The resistance of the heavily doped samp{es6) decreases
> SAMPLES AND MEASUREMENT METHOD with decreas@ng_temperature tp a certain temperdtumc_h
decreases with increased doping of the sajnahel then in-

Tin 5doped GaAs structures grown by molecular-beancreases. As can be seen from Fig. 1, the resistance drops with
epitaxy were investigated in this work. ArRGaAs buffer increasing impurity concentration.
layer (240 nm) was grown on a semi-insulating001) The Hall measurements showed that the Hall coefficient
GaAgCr) substrate, and then a tifilayer was deposited on is constant in all of the samples in the range of magnetic
the surface al s=450 °C with an increased flow of As and fields investigated and does not depend on temperature in the
capped by an-GaAs layer with a thickness of 40 nm and a range 0.4 T<12 K. The values of the Hall electron concen-
GaAs:Si contact layefhaving a silicon concentration of tration n, obtained vary from 1.7410"?cm™ 2 in sample 1
1.5x 10" cm %) with a thickness of 20 nm. The tin doping to 8.35< 10™cm 2 in sample 6(see Table)l, and the Hall
level varied fromNp=2.97x102cm™2 in sample 1 toNp, ~ mobility equals 10861940 cnt/(V-s) in different samples
=2.67x10"%cm 2 in sample 6. Some parameters of theat liquid-helium temperature.
samples are listed in Table I. The measurements were per- Negative magnetoresistance was observed in all the
formed both on samples in the form of a double Hall bridgesamples at low temperatures in magnetic fields equal to
and on square samples. B<0.2 T. It was quadratic in weak magnetic fields and loga-

1063-7826/99/33(7)/8/$15.00 771 © 1999 American Institute of Physics
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TABLE I. Tin concentratiorNp , sum of the electron concentrationg, in
all the subbands determined from the Shubnikov—de Haas effect, and Hall 4
concentratiomy for different samples at=4.2 K.

Sample No. Np, 10?cm™2  Sngyy, 102cm™2  ny, 102cm™2

a0
1 2.97 2.75 1.74 =
2 8.91 8.73 3.59 o
3 26.7 7.30 2.63 S
4 29.7 7.80 10.4 ~4
5 89.1 8.09 8.35
6 267 45.3 83.5
-8 i 1 ! | L L L 1
80

rithmically dependent on magnetic induction in strong fields.
The absolute value of the negative magnetoresistance de-
creases with increasing tin concentration in thiayer. The 40
Shubnikov—de Haas effect was observed in the structures
investigated at low temperatures in strong magnetic fields. G
As an example, Fig. 2 shows the oscillations of the trans- %“ 0
verse magnetoresistance of samples 2 and 6, and Fig. 3
shows the Fourier transform of the oscillationsAdR(H) in
a reversed magnetic field for samples 2 and 4—6. Measure-
ments of the dependence of the oscillation frequency on the
tilt angle of the magnetic field showed that the oscillations ; L 7{'7 . 210 0 =
are observed from two-dimensional carriers. 8T

The two-dimensional electron concentrations in the
quantum-well subbands determined from the maxima in the|G. 2. Dependence of the change in resistah&=R(B)— R(0) on the
Fourier spectra are presented in Table Il. It can be seen fromagnetic inductiorB at T=4.2 K for samples Za) and 6(b).
Table | that the free-electron concentrat®ngyy in samples
1 and 2 is approximately equal to the concentration of tin S o o
introducedNp . As the concentration of tin introduced is 8x 10" cm <, which is comparable to the I|m|t|n% electron
increased, the free-electron concentration does not vary sigoncentration for silicon>-doped GaAs structuré*sf. How-
nificantly (samples 3 to 5 in Table).I The positions of the €Ver: when the concentration of t|r? mt_roduced |s_|nqr_eased
maxima in the Fourier spectra in Fig. 3a are approximatel;f“rther’ the free—electro_n concentration increases S|gn|f|can_tly
identical for samples 2, 4, and 5, although the amplitudes ofS@mple 6. The saturation of the concentration of free carri-
the peaks differ because of the different distributions of thef™s in GaAs(&-Si) 7structu-res is usually attributed to the fill-
electron mobilities among the subbands in these sample#9 of DX center$” or an increase in the number of compen-
The sum of the two-dimensional concentrations in four sizeSating defecfs® as the dopant concentration rises. It can be

quantized subbands in samples 2-5 is equal to roughigSsumed that the energy of teX level relative to thel'
conduction band edge increases at doping levels as high as in

sample 6Refs. 10 and 1jland that different defects roughly
compensate for the donor tin atoms.
When the electron mobilities in the quantum-well sub-
S8% span bands are determined, it is important to distinguish the trans-
s 1 port relaxation times from the quantum relaxation tinfes?
The transport momentum relaxation timeof an electron is
determined by the mean time between events of elastic scat-
AA A Aad tering on impurities that significantly alter the direction of
AMA  mAAAD A saAnABL ALY . .
1 the momentum and can be written in the form

10K

p,kQ/D

LR L]

1 T
—ZJ o(¢)(1—cosp) do, @

Tt 0

where o (¢) is proportional to the probability of scattering
gogonoaes” into the anglep per unit time in the plane of thélayer. The
quantum lifetime(one-particle relaxation timeis obtained
0 0 20 0 b_y averaging the tlmg between any scattering events and is
T, K given by the expression

1 T
FIG. 1. Temperature dependence of the resistipityesistance per square — = f o() de. 2)
in samples 1, 3, 5, and Gee Table)l Tq 0
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0+

i=3

Because of the multipliefl—cosp) in the expression for ,
a the transport scattering time can differ from the quantum
122 analog. For isotropic scattering, for example, on phonons,
these scattering times are equal. However, in the case of
: 2 Coulomb scattering on ionized impurities, the cross section
| o(¢) is large for scattering into small angles; thereforg,
} i=1  i=0 can be several times greater than
| An analysis of the magnetic-field dependence of the am-
{ 1 4 plitude of the Shubnikov—de Haas oscillations makes it pos-
| l sible to determine the quantum mobilitigg,=e/m* 7, of
! : electrons in each of the quantum-well subbalidBor this
! | purpose, the corresponding frequencies are isolated in the
! Shubnikov—de Haas oscillations by a digital filterand a
P ; ! Dingle plot is constructef The quantum mobilities ob-

15

FFT,arb. units

|

z 4 § 8 tained increase in all the samples from approximately 600
cm?/(V-s) in the lower quantum-well subbands to 2100
3 cm?/(V-s) in the upper subbandsee Table ). These val-

| ues are consistent with the mobility values obtained for sili-
con s-doped GaAs structuré$:!®

4. ENERGY SPECTRUM AND PHOTOLUMINESCENCE OF
GaAs(#-Sn) STRUCTURES

The band diagrams, wave functions, and electron con-
centrations in the quantum-well subbands were calculated by
finding a self-consistent solution of the Schimger and
Poisson equations by analogy with the calculations per-

formed in Ref. 17. The nonparabolicity of theconduction
band was taken into account by substituting the mean square
of the wave vectok?);=[“_ y(— d?/dZ%) ¢; dz into the

FIG. 3. Fourier spectra of the oscillations of the magnetoresistance in @ispersion relation according to Ref. 19, permitting a calcu-
reversed magnetic field for samples 2, 4, ant@band sample &b). The  |ation of the density of states in thiéh subband. The thick-

arrows in partb show the concentrations corresponding to the calculated
energies of the quantum-well subbands.

ness of thed layer of ionized tin atoms, which served as a

TABLE II. Electron concentrationssgy and quantum mobilitieg.g™" in different subbands determined from
the Shubnikov—de Haas effect at 4.2 K, concentratidg®btained from self-consistent calculations, quantum
mobilities ,u,; of electrons calculated for scattering on ionized impurities with allowance for intersubband
scattering, and experimentaB) and calculated Eh) values of the parallel magnetic induction at which
emptying of the subbands occurs.

Sample  Subband Nsdr» Ns, ng, sy
No. numberi 10*%cm2 10Y%cm 2 cm?/(V-s) e/ (V-s) B, T Bj. T
0 1.76 1.75 1340 790
1 1 0.99 0.99 1450 900 18.6 20.5
2 0.28 1120 4 7.4
0 3.91 3.97 570 570
5 1 2.12 2.42 1100 740 33.4 41.7
2 1.49 1.12 1630 1470 18.4 18.1
3 0.57 0.33 2060 1830 5.6 6.3
0 11.06 217
1 10.80 217
2 10.38 218
3 9.75 9.75 1370 220
4 8.84 8.87 1590 225 e 43.9
6 5 8.04 7.84 1910 236 36.3 34.1
6 6.54 6.68 1330 258 29.6 28.7
7 5.39 5.36 - 295 24.7 23.3
8 3.76 3.91 - 359 19.7 17.8
9 2.95 2.49 - 461 13.0 12.5
10 - 1.32 - 509 7.6 8.0
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wheren; is the electron concentration, anpd; is the trans-
port mobility in theith subband. As a result, the valuergf
is less than the total electron concentration in all the sub-
bands determined from the Shubnikov—de Haas effect; there-
fore, in order to achieve such a high valuemf, sample 6
must have at least three subbands with a concentration
greater than 1 cm 2, which are weakly manifested in the
range of magnetic fields investigaté&ske Fig. 3l The elec-
trons at thel point should not make a significant contribu-
tion to the value ofny due to their low mobility. The fol-
lowing parameters of the electron effective masses atthe
point for the (001) plane (Ref. 5 were used in the self-
consistent calculation: for motion in the quantization direc-
tion m,=0.11m,, and for motion in the plane of the layer
(the xy plang m,=0.075m, and my=1.29m,. In this case
the density-of-states effective massngs= (m,m,)*?
=0.38m,, and there are four equivalent ellipsoids of con-
‘\‘ ,/ stant energythe degree of degeneragy=4). The energies
0.2 \ / of the size-quantized subbands at thgoint were calculated
—04F — I\V, — "J — at a potential displaced 'along the energy scaleBgyF.
B R S i i W0 a0 =290 meV _above_th€ point. TheX point was negl_ected in
zZ,nm the calculations, sincEx_-=460 meV. The potential curve
at thel” andL points was obtained by solving the Poisson
FIG. 4. Band diagrams for samples® and 6(b). The energy is measured equation for the total charge distribution, which consists of
_relative to the Fermi leveldot-dashed ling The free s_urface of the_samples both the filled electronic states at tReandL points and the
is located az=60 nm. The squares of the electronic wave functions in the . .. . .
subbands are also shown for sample 5. The energy levels &t plo@t in stationary pOSIt!Ve charge of the 'on';ed tin donorg. Th.e cal-
sample 6 are indicated by dashed lines. culated band diagram for sample 6 is presented in Fig. 4b.
The electron concentrations at tfie point obtained for a
thickness of as layer of ionized impurities equal to 34 nm
are roughly equal to the observed concentrations in the Fou-
- ) . rier spectrum(Fig. 3b and Table )l The concentrations in
fitting parameter in the calculatiofi&was found to be ap- e three lowest subbands are very close to one another, and,
proximately equal to 16 nm for samples 1-5. Although suchygrefore, the corresponding peaks merge to form a single
a o layer thickness is higher than the values for siliconpqaq peak near 1110%cm 2 in Fig. 3b; these peaks
&doped structure§”" it is small for tin* The calculated  therefore cannot be clearly distinguished separately in the
two-dimensional electron concentrations in the quantum-welkqrier spectrum. The calculated electron concentrations in
subbands are listed in Table Il. Figure 4a shows the banghe three subbands at the point are equal to 2010,
diagram calculated for sample 5. It was taken into account in 54x 103 and 7.8< 102cm 2. The total free-electron con-
the calculations that the Fermi level is pinned on the freeentration in this sample is at least 4 times greater than the
Surface Of the Samp|e ata IeVel 0.74 eV beIOW the bottom Ofnaximum achievab|e Concentration for S”ico&.doped
the conduction bal’?a and in the Semi—insulating substrate at GaAs Structur&when the thickness of thé |ayer is small
the level for chromium(0.75 eV below the conduction for tin.t
band). Low-temperature photoluminescence provides an impor-
In sample 6, which has the highest tin concentrationtant experimental technique for investigating two-
Np=2.67<10"cm 2 and a Hall concentratiom,=8.35  dimensional electron systems. However, investigating the
x10"cm™2, the L conduction band should also be filled photoluminescence of-doped structures is complicated by
with electrons at low temperatur¢according to Ref. 5, in  the fact that the potential retaining electrons in the quantum-
the case of an ideally narrow layer this occurs when the well subbands is repulsive toward holes. This repulsion can
concentration of the ionized impurity is abowép=1.6 reduce the overlap between the electron and hole wave func-
x10"cm 2 and the electron concentration in the lowesttions and can consequently lower the photoluminescence
subband is greater than X3a0"?cm™2). In the case of sev- intensity?*%®
eral filled subbands, the Hall concentration is averaged over Figure 5 presents the photoluminescence emission spec-
all the subbands: tra of samples 3, 5, and 6, as well as a control sample with-

&b, eV
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FIG. 5. Photoluminescence spectra of samples 3, 5, and 6 and of the control sample of GaAs witlayet atT= 4.2 K. The positions of the maxima are
explained in the text.

out a § layer. The control sample was obtained by etchingthe uppeli =2 andi =3 subbands obtained for this sample in
away the upper layers of sample 1, which contaidslayer, a self-consistent calculation is equal to 25 meV, which
to a depth of 100 nm. The low-temperature photoluminesfoughly coincides with the difference between the new pho-
cence spectra of the GaAs sample withoutlayer contains toluminescence lines. We also note that, along with the re-
characteristic lines with an energy of 1.514 eV, which cor-combination channel just described, the recombination of
responds to the recombination of excitons bound to a neutralectrons from the upper=3 electronic level and holes lo-
donor; a line with an energy of 1.492 eV, which correspondsalized at a carbon acceptor can make a contribution to the
to a radiative electronic transition to a carbon acceptor levelline at 1.502 eV.
and its LO-phonon replica with an energy of 1.456 eV; and a  The wave functions found in the self-consistent calcula-
line with an energy of 1.442 e\(a Ga defect in the As tions were used to calculate the low-temperature quantum
sublattice.?®?’ The spectral feature at 1.478 eV is caused bymobilities of electrons for multisubband scattering at ionized
recombination of a bound exciton involving an LO phonon,impurities?®=*°which are listed in Table Il. The screening of
as well as recombination at defects appearing during growtthe scattering Coulomb potential was taken into account in
by molecular-beam epitaxy. the random-phase approximatithlt can be seen from the
For structures withs layers of different concentrations
the form of the photoluminescence spectrum varies as the
doping level of thed layer increases. A broad band with a
maximum at 1.35 e\(see Fig. %, which is caused by a
radiative transition to a Sn acceptor level localized in the 6
region of the§ layer, appears. The intensity of this band
increases with increasing tin concentration. In addition, the
ratio between the intensities of the lines characteristic of the¢ -
sample without a5 layer described above varies, and new
spectral features, which can be attributed to the recombine
tion of electrons from quantum-well levels in tiddayer and
photogenerated holes localized near the sample surfac
appear® The features caused by the quantum-well levels art
especially pronounced for sample(Big. 6, the peaks with
energies equal to 1.521 and 1.502)eVhese features can gl |
most probably be assigned to electronic transitions from th 140 1.45 1.50
upper quantum-well levels, since the wave functions of the v, eV
upper S,Ubbands e)?tend far from the mldplang of dayer FIG. 6. Isolated parts of the photoluminescence spectra of the control
and their overlap with the hole wave functions is greater thaRample without a layer (1) and sample 52) at T=4.2 K. The photolumi-
that for the lower subbands. The energy difference betweenescence intensities are the same as in Fig. 5.

+
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FIG. 7. Resistance of sample 1 in a magnetic field parallel to>tlager for 7‘.;; , nm”?
two orientations of the current through the sample relative to the magnetic

field. FIG. 8. Quantum-well energy subbands in sample 2 in the absence of a

magnetic field(dashed linesand in a field withB=18 T (solid lines.

numerical calculationésee Table Il that the electron mobili-

ties increase with the subband numbesince the mean dis-

tance from electrons to impurities is greater in the upper d?Uy(2) € D 2 N 5
subbands. The calculated quantum mobilities in samples 1-5 d2 B 5 nig(2)=N(2)|, (5)
were somewhat smaller than the values determined from the

Shubnikov—de Haas effe¢see Table Il due to the partial Wheres=13.18 is the dielectric constant of GaAd(z) is
correlation in the distribution of the ionized impuriti¥s®?  the volume concentration of ionized donors, amg

In sample 6 the quantum mobilities of electrons determined= M*/ 7% (Ex—E;) is the two-dimensional electron con-
from the Shubnikov—de Haas effect are more than six time§entration in theith subband, and of the exchange-
greater than the calculated quantum mobilities. This is attripcorrelation potentiall,; (Ref. 35

2

utable to the strong screening of the ionized impurities by the 11.4
L-band electrons, which have a large effective méhkss Uy=—|1+0.05455In| 1+ r_) ot Ry*, (6)
screening was disregarded in the calculatipas well as by S S
stronger correlation of the impurities than in samples 1-5. Where
4 \13 4agn(z)| °
5. RESISTANCE OSCILLATIONS IN A MAGNETIC FIELD a=|—| , rg=|—F ,
PARALLEL TO THE &LAYER o7 3
Measuring the Shubnikov—de Haas effect is the principal . 4megeh? RV e?
. . . . a :—, :—,
method for determining the electron concentrations in B m* e2 8megeal

guantum-well subbands of two-dimensional systems. How- _ _
ever, ins-doped structures the upper subbands have low cor?(2) is volume concentration of electrons. The self-
centrations of electrons, from which oscillations are difficult consistent solution can be written in the form

to see when the Shubnikov—de Haas effect is measured. The 52
diamagnetic Shubnikov—de Haas effect, under which the E=E,(k,)+—K2. 7)
magnetic field is directed in the plane of tiddayer, how- 2m*

ever, permits exact determination of the number of filledryq c5iculations were performed for the parabolic case, and

subband¥ and is a useful tool for investigating multisub- o alectron effective mass in all the subbands was assumed
band two-dimensional systems. As an example, Fig. 7 preg o m* =0.07m,. Figure 8 presents plots d&(k,) for

sents the resistance oscillations of sample 1 in a magnetilgzo andB=18 T in the case of sample 2. It is seen that in
field parallel to the surface for currents parallel and perpeny ch a magnetic field the=4 andi=3 subbands are pushed

dicular to the maQ”,e“C f'e_ld' o ) upward above the Fermi level and emptied; here the elec-

If the magnetic inductiorB is directed along thy axis g are redistributed among the remaining three subbands
and the vector potential i#=(Bz0,0), the Schrdinger i, yhe yarying self-consistent potentidi(z). As the mag-

equation has the forff netic field is increased, the subbands are shifted toward the
p2 1 52 52 Fermi level, and the total density of statgéB) increases,

Y (py+ezB?— —+®d(2) | V=EV. but it subsequently drops sharply when the energy of each

2m*  2m* 2m* 972 successive subband passes through the Fermi level. The in-

4) crease in the density of states and emptying of the subbands
Here the potentia® (z) is the sum of the electrostatic poten- lead to oscillations of the magnetoresistariEey. 9). The
tial Uy determined from the Poisson equation calculated values of the magnetic inductBWat which emp-
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corresponding values determined from the Shubnikov—de
Haas effect. The maximum two-dimensional free-electron
concentration obtained exceeds the limiting values for silicon
s-doped GaAs structures when the thickness of thedtin

14

1.2 layer is relatively small. At such high concentrations the
E conduction band is filled with electrons. The calculated val-
= ues of the parallel magnetic induction at which emptying of

the subbands occurs closely coincide with the experimentally
determined values.
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An analytic expression for the shape function for homogeneous broadening of the emission
spectra of semiconductor heterostructure lasers is obtained on the basis of simple expressions from
the theory of the superradiance of two-level systems. Good agreement between the theory

and experimental data is achieved for an InGaAs/GaAs quantum-well heterostructure laser. An
estimate of the duration of the superradiance pulse is given1989 American Institute

of Physics[S1063-782809)01707-X

1. INTRODUCTION come synchronized during emission with the resultant ap-

The problem of investigating the mechanisms of homoearance of a coherent emission component with an intensity

S . . : roportional to the square of the number of interacting di-
geneous broadening in semiconductors was examined in Ret, . . .
. : : . . oles. Such phenomena were first described theoretically by
1 in connection with the need to simulate the emission spec:

S o ~ Dicke’” and have been termed “Dicke superradiance.”
tra of injection lasers. A deviation of the shape of the emis- . SN .
. . . If the inhomogeneous broadening is disregarded in com-
sion spectrum from the classical Lorentzian contour was

pointed out in that paper. The need to take into account thgarson to the homogeneous broadening, we can gpply the
. i o ; . . esults obtained for two-level systems to the description of
coherent interaction of radiation with the medium at times 01‘r

. ) . ]gmission processes in semiconductors. The time dependence
the order of the coherence loss time was pointed out in Ref. S . . .
of the radiation intensity for an excited polyatomic system

2. However, when the processes taking place in lasers are . . -
: T can then be described with sufficient accuracy as
described, such effects are ordinarily ignored, and the treat-
ment is confined to the incoherent approximation.

. . . . . ﬁwo t_to
Consideration of the coherent interaction of carriers dur- | (t)= —— (Nu+ 1)Zsecﬁ( ) ,

ing emission opens the way to explain a number of phenom- ApTy 27y
ena in the physics of semiconductor lasers. For example, the

formal similarity of stimulated emission to superradiance

was noted in Ref. 3. The possibility of switching a semicon-
ductor laser pumped by a constant current to an undamped
pulsation regime was theoretically demonstrated in Ref. 4. { — - In(Np), (1)

Such pulsations have also been observed experimentally. For

example, previously performed autocorrelation investigawnereN is the number of emitting dipoles in the ensemble,
tions of injection lasers above the lasing threshold revealeg; the shape function of the active region, the paramsjer
the existence of subpicosecond pulses in the structure of théaracterizes the efficiency of the interaction of the dipoles,
output under continuous pumpirig. _ _ v is the collective interaction time or the duration of the
The present work was devoted to exploring the '“ﬂuenc%uperradiance pulse, anglis the dipole accumulatiofsyn-
of the collective interaction of carriers on the shape fU”Ctiorbhronization time corresponding to intensity maximu.
for homogeneous broadening of the emission spectra of  Following Ref. 1, the shape function for homogeneous
semiconductor lasers below the lasing threshold. The eMigsroadening is determined by the kinetics of the emission
sion spectra of separate-confinement double heterostructt:gOCeSS and is obtained by Fourier transformation of the
Iaser; with a quantum-well active_layer were ir}vestigate ave packet corresponding to the dipole moment of the
experimentally. Good agreement with the theoretical modelg|ectron-hole pair. The wave pacKd&q. (1)] clearly corre-

1—N +1 !
TN—( “ )Tl,

was obtained. sponds to the expression
t
2. THEORETICAL MODEL E(t)~®(t+t0)secr( 7) expli wgt). (2
N

A. Coherent spontaneous emission of a two-level system

Our theoretical treatment is based on the simple modeHere we assume that the emission process began att .
of coherent spontaneous emission by a polyatomic sy$temThe shape function for homogeneous broadening can then be
If the concentration of dipoles is sufficiently high, they be- written in the form

1063-7826/99/33(7)/3/$15.00 779 © 1999 American Institute of Physics
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+oo Thus, on the long- and short-wavelength tails of the
F(5:w_wo)~f_w E(texp —iwt) dt spectrum, wherdiw is significantly smaller or greater than
Eg. the asymptotes of the functidb) [the slope of the func-
+eexp(—iot) tion (5) on a logarithmic scalewill be determined exclu-
= f_tomdt- ©) sively by the shape function for homogeneous broadening
cos (4):
27y
where § is the frequency mismatch. R(hw)~exp=mwTy), (6)
For working concentrations of the order of fem—3 x

there are of the order of:210* charge carriers in a volume under the conditionfiw— E |>—

with linear dimensions equal to the output wavelength of 1 TN .

pum. This simple estimate shows that the number of sources In order for an asymmetric spectrum to be obtained, we
in the ensemble is so high that the accumulation titag ( must have an asymmetric shape function in the form

can be considered fairly large compared with the emission

time (7y), especially sincé, appears in the exponent {h). F(d)=
Thus, we can expand the integration range to obtain the
shape function for homogeneous broadening in an analytigthere 7,= (t;+1t,)/2 andAt=(t,;—t,)/2.

exp( o)+ exp—oty) exp(— SAt)sectisr,), (7)

form: There are several physical mechanisms which lead to
roexp(—i ot) gsymmetry of the shape function for homogeneous broaden-
F(5)~ —tdt ing.
- cosl‘( _) When the emission spectrum from the end surface of a
27y heterostructure is measured, the absorpti@emission in

the waveguide and the emitters plays a significant Yole.
) dt=2ntysecliwdry). When the spectra are measured through a lateral surface, the
role of reemission in the waveguide of the laser structure is
(4) reduced to a minimum, but the presence of an absorption
“tail” in the emitters and(or) the substrate near the absorp-
"Yon edge makes a contribution to the shape function in the
"form of the exponential multiplief7) (Urbach’s rulg. In
addition, distortion of the low-energy part of the spectrum
due to radiative recombination through impurity centers is
possible.
Thus, if the condition under which the homogeneous
broadening is significantly greater than the inhomogeneous
The final form of the emission spectrum is defined as thebroadening associated with the energy distribution of the car-
convolution of the inhomogeneously broadened spectruniiers holds in an experiment, the parametgin (7) takes on
[Ro(E)] and the shape function for homogeneousthe meaning of the characteristic time of the resonance inter-
broadening: action of the carriersy, (the pulse durationmultiplied by 7
[in accordance withi4)].

J'+°ccos{ ot) ( t

o cosh \27y

We note that the shape function for homogeneous broaden
ing of such a form agrees well with the results obtained in
Ref. 8.

B. Shape function for homogeneous broadening and
corresponding emission spectrum

+ oo ho
R(hw):fo RO(E)F( .

dE. (5

This formula is valid only for cases where the inhomoge-3 expeRIMENTAL RESULTS
neous broadening is much smaller than the homogeneous
broadening. Otherwise, the region of applicability of Es). A separate-confinement double heterostructure laser was
can be expanded only by introducing the dependence of thgrown in an InGaAs/GaAs system by molecular-beam epi-
shape function on energy. Since the expression for the shapaxy on a silicon-dopea-GaAg100 substrate. The active
function (4) already contains the dependence on the effectiveegion was positioned in the middle of a GaAs layer with a
number of interacting dipolesN(w), expansion of the region thickness of 200 nm separated from the surface and the sub-
of applicability of the theory to the case of a broad carrierstrate by short-period AlAs/GaAs superlattices. The active
energy distributiof Ry(E)] is a fairly simple task. region was a quantum well, i.e., anyjaGa, gsAS layer with
When the case where the inhomogeneous broadening & thickness of 100 A.
much smaller than the homogeneous broadening is consid- The samples were investigated under pulsed excitation
ered, the carrier energy distribution operates @function,  (with a pulse duration of s and a repetition frequency of
and the result of the integration %) mimics the form of 5 kHz) at 77 K. For this purpose, the samples were fused in
F (). Such a situation is realized, for example, at low tem-layers to the underside of a thermal conductor and placed in
peratures and a pumping level that is not excessively high foa cryostat. The emission was measured through a special
the quantum layer. The inhomogeneous broadening can alseindow in the upper contact of each laser structure. Special
be ignored when ideal quantum dots are considered as thatention was focused on suppressing the feedback, the mir-
active layer. rors were etched and then covered by a black paint with a
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FIG. 1. Dependence of the spontaneous-recombination quantum efficiengyG. 3. Dependence of the collective emission timg)(on pump current
on pump current density. density.

nential decay times; andt, using formula(7) permitted
estimation of the collective interaction timg as a function

high refractive index. This method, which permits elimina- ;¢ ihe pump current densitFig. 3. In this casery increases
tion of the influence of reemission, was described in detail iy o m 20 to 35 fs as the current is increased.

Ref. 9.

Apart from investigating the emission spectra, the radi-#- CONCLUSIONS
ated power was measured, enabling us to construct a plot of It has been shown that consideration of the coherent in-
the external recombination quantum efficiency as a functiorieraction of the carriers during emission can account for the
of pump current densityFig. 1). The constant value of this deviation of the experimentally observed, homogeneously
parameter attests to the absence of lasing up to a pump curroadened spectrum from the classical Lorentzian contour.
rent density equal to 900 A/¢m The analytic expression obtained for the shape function for

It can clearly be seen in the observed spontaneous emisomogeneous broadening can be used to simulate the dy-
sion spectra plotted on a semilogarithmic sodi. 2) that namics and emission spectra of semiconductor lasers. The
both slopes can be approximated by exponential functionparameters of the spectra have been measured. The depen-
(they are shown as dotted linesThus, a case where the dence of these spectra on the pump current density at low
homogeneous broadening is much greater than the inhomeéemperature$77 K) has been investigated, and the charac-
geneous broadening is realized. A calculation of the expoteristic time of the collective interaction has been estimated

on its basis.
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Electron-beam diagnostics are used to study self-organized quantum wells which form within
ultrashallow siliconp™ —n junctions under the conditions of nonequilibrium boron

diffusion. The energy dependence and current-voltage characteristics of the electron-beam-
induced conductivity are investigated with relative dominance of both longitudinal and transverse
guantum wells, which are oriented parallel and perpendicularly tgtha junction plane,
respectively. Current-voltage characteristics of the electron-beam-induced conductivity

are exhibited for the first time with both reverse and forward biasing of the sifi¢cean junction.

This became possible because of the presence of self-organized transverse quantum wells
within the ultrashallowp™® diffusion profile, while self-organized longitudinal quantum wells
promote the appearance of electron-beam-induced conductivity only wheat the

junction is reverse-biased. The distribution of the probability for the separation of electron-hole
pairs across the thickness of the crystal derived from the energy dependences of the
electron-beam-induced conductivity reveals effects of the avalanche multiplication of the
nonequilibrium carriers as a result of the spatial separation of electrons and holes in the field of
ap* —n junction that contains self-organized transverse quantum wells1989 American

Institute of Physicg.S1063-782809)01807-4

1. INTRODUCTION obtained under the conditions of parity between the kick-out
and vacancy diffusion mechanisrh$.

The practical utilization of the gettering of dopants by In this paper we present the results of experimental stud-
excess fluxes of vacancies or intrinsic interstitial atomses of the effect of self-organized transverse and longitudinal
within planar silicon diffusion technology has made it pos-quantum wells on the current-voltage characterigtive’s)
sible to obtain ultrashallow5—20 nm diffusion profiles of ~and energy dependence of the electron-beam-induced con-
boron and phosphorus with a sharp bound&¥he doping ~ ductivity generated during the probing pf- diffusion pro-
level, depth, and properties of ultrashallow diffusion profilesfiles by low- and medium-energy electrons. The experimen-
depend on the crystallographic orientation of the singlefdl method employed permits determination of the
crystal silicon, the diffusion temperature, and the thicknesdlistribution of the probability for the separation of electron-
of the preliminarily deposited oxide, whose interface with N0l€ pairs by the field of the—n junction across the thick-
silicon (Si/SiQ) is a source for the generation of intrinsic ness of the crystal, which makes it possible to identify pro-

interstitial atoms and vacancies, which activate kiwk-out CESSes Ie.admg 'to the. avalanche' multiplication  of
. ) . . . honequilibrium carriers within self-organized quantum wells,
and vacancy mechanisms of impurity diffusion,

. _6 as well as to record IVC’s of the electron-beam-induced con-
respectively:

. ductivity with both reverse and forward biasing of the
The study of the cyclotron resonance and quantized conF-)_ n junction.
ductivity features have shown that the ultrashallpw n
junctions obtained on the surface of single-crystal silicon
under the conditions of a strong exchange interaction be2. FORMING ULTRASHALLOW p*—n JUNCTIONS UNDER
tween the dopant and intrinsic interstitial atofttse kick-out =~ NONEQUILIBRIUM DIFFUSION CONDITIONS IN
diffusion mechanism consist of transverse quantum wells SILICON

oriented in the[111] crystallographic direction, while the Ultrashallowp* —n junctions were obtained from wa-
gettering of impurity atoms by vacanciésacancy diffusion  fers of (111) n-type silicon with a thickness of 350m and a
mechanismes leads to the dominance transverse quantunesistivity p=90 )-cm. Both sides of each wafer were pre-
wells oriented in th¢100] direction within ultrashallow dif-  |iminarily oxidized in an atmosphere of dry oxygen at
fusion profiles:"® Very shallow diffusion profile$~5 nm), 1150 °C, and then circular windows with a diameter of 3 mm
which consist predominantly of longitudinal quantum wellswere cut in the oxide layer on the working side using pho-
oriented parallel to the plane of thge-n junction, have been tolithography to allow the diffusion of boron from the gas

1063-7826/99/33(7)/6/$15.00 782 © 1999 American Institute of Physics



Semiconductors 33 (7), July 1999 Bagraev et al. 783

22 fluxes of impurity atoms and intrinsic defects, whose inten-
0 sity is determined by the form of the deformation potential
74 on the Si/SiQ interface>!°
20
70 3. METHOD FOR INVESTIGATING THE ELECTRON-BEAM-
"~ 19 INDUCED CONDUCTIVITY OF ULTRASHALLOW
g 10 SILICON p*—n JUNCTIONS
§ 18 The small depth of the@* diffusion profile (5—20 nm
<0 in ultrashallow siliconp™® —n junctions is responsible for the
7 use of the conductivity induced by a focused electron beam
70 probing the near-surface region with low- and medium-
energy electrons to investigate thénf:}>1*The probing
7075 depth can be smoothly varied from 2 to 250 nm by varying
the electron beam energ¥() in the range from 0.1 to 3.0
Y . keV21 In order to separate the induced current from the
0 2 & 6 8 10 12 14 15 dark current, measurements of the IVC’s and energy depen-

I, nm dence of the electron-beam-induced conductivity were per-
formed with sinusoidal modulation of the primary electron
FIG. 1. Boron concentration profiles in silic@i —n junctions formedona  flux at a frequency of 1 kHz. Control experiments using a
(111 silicon surface doped with phosphorus to a concentrabi¢R)=>5 constant current confirmed that a stationary value of the
X 10" cm 3 at various diffusion temperaturds;;, °C: 1 — 800,2 — 900, . .
3 1100. electron-beam-induced conductivitymanages to be estab-
lished already at such frequencies. The computer-controlled

electron beam scanned the surface under study, making it

phase in a brie4 min) process. The values of the diffusion possible to perform measurements pfat evenly spaced
temperaturg800 and 900 °Cwere varied during the experi- Points and, accordingly, to obtain an image of the surface
ments, while the thickness of the preliminarily deposited surusing primary electron beams of different energies. The pre-
face oxide remained unchanged, permitting simulation of théiminary experiment'® showed that the ultrashallow
conditions of the kick-out and vacancy mechanisms of im-2 " —n junctions obtained with a thick oxide on the single-
purity diffusion~® The thickness of the preliminarily depos- crystal silicon surface, which ensured dominance of the va-
ited oxide on both sides of the wafers was greater thaancy mechanisms, are characterized by a high degree of
do=0.44 um, stimulating the additional injection of vacan- uniformity of the distribution ofy along the surface of the
cies by the Si/Si@ interface during impurity diffusioh®®  p™ diffusion profile.
In addition, a high concentration of the nonequilibrium va- ~ Treatment of the experimental plots of the energy depen-
cancies responsible for the dopant gettering effects was erlence of the electron-beam-induced conductiwif¥,) us-
sured during diffusion by additional saturation of the boron-ing regularizing algorithms from the theory of ill-posed
containing gas phase with dry oxygen and chlorineProblems permits reconstruction of the unknown nonequilib-
compounds. In the concluding stage of the technological protium carrier collection function$(x), which appears in the
cess, ohmic contacts were formed along the perimeter of thitegral equation
windows and on the reverse side of the wafers. The concen-
tration profiles of the dopant were measured using _ fwg(Ep X)
; L a211 Y(Ep)=| ——f(x)dx 1)

secondary-ion mass spectromet8iMS) (see Fig. 1= P o Ae

At a diffusion temperaturg& 4= 800 °C boron penetrates
into silicon as a result of the gettering of impurity atoms bywhereg(E,,x) is the one-dimensional distribution function
silicon vacancie$®°°In this case, as in the case of domi- of individual energy losses by primary electrons with respect
nance of the kick-out mechanism, acceleration of the imputo the depth in siliconAe is the mean energy expended on
rity diffusion process is observe@Fig. 1, curvel). Drastic  the formation of a single electron-hole pair, aic) is the
slowing of boron diffusion is observed at a diffusion tem- collection function of thep—n junction!?*3which specifies
peratureT 4= 900 °C(Fig. 1, curve2), i.e., in the region of the number of electron-hole pairs excited at the degqiihat
parity between these diffusion mechanisti8 because of are capable of making a contribution to the induced current.
the intense annihilation of the intrinsic interstitial atoms andWhen irradiation by electrons with an energy of 3.0
vacancies near the working surface of the silicon wafer. Th&eV is employed, the treatment &{x) is confined directly
diffusion profiles obtained under the conditions of brief non-to the space-charge region of the-n junction. The behav-
equilibrium diffusion differ from the classical form; ul- ior of f(x) in this region reflects the probability of the sepa-
trasharp boron profiles are formed in the cases of both theation of electron-hole pairs by the field of the-n junction
suppression and acceleration of impurity diffusion, indicat-and is determined primarily by the lifetime of the nonequi-
ing the existence of a fractal mechanism of diffusion dopinglibrium carriers and the distribution of the electric field, and
under the conditions of a strong interaction between theén the case of nonmonotonic behavior, it permits the identi-
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7,,41/1—1 p* —n junction and does not decrease even when a conduc-
tion current of the order of 10 mA flows through the open
diode, attesting to a significant increase in the lifetime of the
excited carrierdFig. 2, curvesl-5). Such lowering of the
recombination efficiency is probably caused by the spatial
separation of the electron and hole fluxes due to the presence
of self-organized quantum wells within the ultrashallpw
diffusion profiles.

Measurements of the angular dependence of the cyclo-
tron resonance of electrons and holes, as well as of the crys-
tallographically dependent hole conductivity, showeétithat
the p* diffusion profiles realized under the conditions of
parity between the kick-out and vacancy mechanisms of im-
purity diffusion, which is achieved &k ;=900 °C, consists
of self-organized longitudinal quantum wellBigs. 3a and
3b), while transverse quantum wells were discovered within
2N 200 the siliconp™ —n junctions obtained with dominance of the
7 ,' vacancy diffusion mechanismd =800 °Q (Figs. 3c and
: 3d. An analysis of the IVC's of the quantized
- =300 conductivity**®provides evidence that self-organizedand

; p-type quantum wellgFig. 3) form between the heavily

| ~400 doped two-dimensional layers, which, according to ESR

——————————————— g data, consist predominantly d*—B~ impurity dipoles

with a negative correlation energy and weakly influence the

FIG. 2. Current-voltage characteristics of the electron-beam-induced corNObility and recombination of the nonequilibrium current

ductivity (y versusU curves for p* —n junctions formed at diffusion tem-  carriers.

pgratures equal to 80@-5) and 990 °Q6) on a(111 filicon su'rface doped Ultrashallow SiliCOﬂer —n junctions consisting of lon-

with phosphorus to a concentratidf{P)=5x 10'3cm™ 2. Notation adopted L .

in the figure:Al=1—1,, wherel, is the primary current andlis the sta- gltUdmal quantum wells are characterized by a low reverse

tionary current induced by the electron beam. Values,ofuA: 1 — 0.5,  dark currentcurve2 in the insel because of the presence of

2,6 —10,8—1.9,4—50,5—10. Inset — current-voltage character- natural potential barriers to the minority carrigSigs. 3a

'25“_039(:)% versusU curves of thep” —n investigated folTgr, °C:1—800,  anq 3h. However, spatial separation of the excited electrons
' and holes does not occur in this case, and, as was noted

above, this situation leads to abrupt disappearance of the
fication of processes leading to a precipitous increaseds  electron-beam-induced conductivity when thé—n junc-
a result of the spatial separation of the nonequilibrium election is forward-biasedFig. 2, curveg).

71

/

!
1-700
!
!
|

trons and holes. The presence of transverse quantum wells leads to an
increase in the reverse dark currésée curvel in the inset

4. CURRENT-VOLTAGE CHARACTERISTICS OF THE in Fig. 2) due to the appearance of natural channels for mi-

ELECTRON-BEAM-INDUCED CONDUCTIVITY IN nority carriers(Figs. 3c and 3 but, at the same time, it

SELF-ORGANIZED QUANTUM WELLS ON A (111) SILICON promotes spatial separation of the excited electrons and

SURFACE holes. Therefore, the electron-beam-induced conductivity of

Figure 2 shows IVC'’s of the electron-beam-induced Cor]_pJr —n junctions containing self-organized transverse quan-

ductivity [plots of y=f(U)] for ultrashallowp®—n junc-  tum wells can be detected at both forward and reverse volt-
tions formed at low boron diffusion temperatures on the sur29es(Fig. 2, curvesl-5). The potential well created by the
face of single-crystal wafers ofl11) silicon with n-type  transverse quantum wells, which is responsible for the spatial
conduction. The IVC of the electron-beam-induced conducseparation of electrons and holes, can be smoothed as the
tivity of a p* —n junction formed at a diffusion temperature current rises as a result of the ohmic voltage drop on the
T4= 900 °C is observed only when it is reverse-biased. Herd® " —n junction interface, which should be most pronounced
the electron-beam-induced conductivifydoes not depend in structures with a high-resistivity substrate. In fact, when
on primary current or on bias voltage. Under forward biasingthe p* —n junction is forward-biased, a decreasejiwith
the electron-beam-induced conduction current drops abruptlicreasing values of the primary currdntbegins to be ob-
to zero as a result of the intense recombination of nonequiserved at the point where the carrier excitation curtents
librium carriers on the interface of thg" —n junction (Fig. = comparable to the dark curreht. This reflects the intensi-
2, curve6). An unexpected result was obtained when thefication of carrier recombination processes. At the same time,
IVC of the electron-beam-induced conductivity ofpd —n  when thep™ —n junction is reverse-biased, in the absence of
junction formed at a diffusion temperatufg;=800°C was a current of majority carriers, the electron-beam-induced
recorded. In this case electron-beam-induced conductivity isonductivity does not depend on the primary current, which
detected with both reverse and forward biasing of thenfluences only the value of the voltage at which the IVC of
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FIG. 3. Three-dimensional image of the one-electron band diagrgmi efn junctions consisting of longitudinda, b and transversée, d) quantum wells,
as well as combinations of these wel8. Bias voltages on the™ —n junctions: a, ¢ — reverse; b, d — forward; e — zero.

the electron-beam-induced conductivity reaches saturatioRig. 4a. The electron-beam-induced conductivity of a
(Fig. 2, curvesl-5). p* —n junction formed afT 4=900 °C begins to appear at
an energy of the primary electroiis =200 eV and rapidly
increases as the latter increases furtffég. 4a, curve3).
The collection functiorf (x) calculated from the experimen-
tal y versusk; curve exhibits a characteristic stepped form,

5. ENERGY DEPENDENCES OF THE ELECTRON-BEAM-
INDUCED CONDUCTIVITY IN SELF-ORGANIZED QUANTUM
WELLS ON A (111) SILICON SURFACE

Plots of the electron-beam-induced conductivijtyas a ) ) ) ; v
function of the energy of the primary electrons are shown invhich confirms the existence of a “dead layer” on the
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p* —n junction interface, in which the excited electron-hole which reflects the contribution of the carriers excited at a
pairs do not participate in the formation of the electron-small depth to the electron-beam-induced conductivity, does
beam-induced conductivity either because of the short lifenot exceed 1. Hence it follows that nonequilibrium electrons
time of the carriers or because of the potential barriers apmoving from the working surface toward the substrate do not
pearing in the presence of the longitudinal quantum welfs. undergo avalanche multiplication because of the spatial sepa-
The thickness of the dead layer on the interface of theation of the fluxes of excited electrons and holes. When the
p* —n junction obtained aT 4=900 °C does not exceed 10 p*—n junction is forward-biased, the holes move toward the
nm, and the collection functiofi(x) reaches saturation al- substrate, and the collection function exceeds 1 at all depths
ready at a depth of 50 nriFFig. 4b, curve3). It should be where electron-hole pairs are excited, which is possible only
noted that the maximum value 6x) determined is close to in the case of avalanche multiplication of carriers in the ac-
1, since the typical mean value of the eneryy expended celerating fieldFig. 3d. This sharp increase in the electron-
on the formation of a single electron-hole pair for silicon is beam-induced conductivity is most clearly seen iL80) in
about 3 eV. Taking into account that tige’ —n junctions the case of the creation of a combination of alternating lon-
obtained afT ;=900 °C are characterized by small reversegitudinal and transverse- and p-type quantum wells which
dark currentqsee curve? in the inset in Fig. 2and a long are crystallographically oriented in equivalefito0) direc-
lifetime for the nonequilibrium carriers, we can conclude thattions (Figs. 5 and 3g

the self-organized longitudinal quantum wells play a funda-
mental role in the formation of the dead layer at a depth of6
50 nm.

Conversely, the lifetime of the nonequilibrium carriers Electron-beam diagnostics have been used to study the
excited in the dead layer of the” —n junction formed at current-voltage and energy characteristics of the electron-
T4i#=800°C, which is a combination of longitudinal and
transverse quantum wells, is insufficient for them to make an
appreciable contribution to the electron-beam-induced con-
ductivity. In this case the thickness of the dead lafgdout
70 nm is identical for both forward and reverse biasing of

. CONCLUSIONS

=

1
T

NN

the p™ —n junction (Fig. 4a, curvesl and2) and is deter- - G8r
mined primarily by the concentration of recombination- ﬁ
. L 0 i, o 0.6+ 1
active centers near its interfat&® In addition, significant §
differences in the form of the collection function are ob- Q oul
served for reverse and forward biasing of fiile— n junction 8
(Fig. 4b, curvesl and 2). Under reverse bhiasing the collec- * pzk

tion functionf(x) at first increases sharply almost to unity at
a depth of 75 nm and then increases again by a factor of 2.5 00 ' 5'0 . 1270
at a depth of 120 nm. The threshold increase in the collection . nm
function, under whictf (x) exceeds the limiting value deter- ’

mined by the concentration of excited electron-hole pairsfiG. 5. Collection functiong (x) for reverse biasing op™ —n junctions
can be attributed to the avalanche multiplication of holesformed on a100) silicon surface doped with phosphorus to a concentration
(P)=8x10"2cm 3 at Ty;=800 (1) and 900 °C(2) under the conditions

which are generated ata Iarge depth and which move towa@ a strong deformation potential, which stimulates the formation of combi-

L . e . .
the surface when th —n junction Is reverse—l:_nase(d:lg._ nations of self-organized longitudinal and transverse quantum \(@its
30). At the same time, the value of the collection function, 3e.

i [

L !
150 200
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Self-organized nanoscale InP islands in an InGaP/GaAs host and InAs islands in an
InGaAs/InP host

D. A. Vinokurov, V. A. Kapitonov, O. V. Kovalenkov, D. A. Livshits, Z. N. Sokolova,
I. S. Tarasov,*) and zh. I. Alferov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted January 22, 1999; accepted for publication January 26) 1999
Fiz. Tekh. Poluprovodr83, 858—862(July 1999

Arrays of strained nanoscale InP islands in agulda, 5,P host on a GaA&00 substrate and

InAs islands in a lgssGa 4AS host on an InPLO0) substrate are obtained by metalorganic
vapor-phase epitaxfMOVPE). Their structural and photoluminescence properties are investigated.
It is shown that the nanoscale islands that are formed measure §lhRfimGaP and

25—-60 nm(InAs/InGaAs. The photoluminescence spectra of the nanoscale islands display bands
in the wavelength ranges 0.66.72 and 1.661.91 um at 77 K with maxima whose

position does not vary as the effective thickness of InP and InAs increases. The radiation efficiency
of the nanoscale InP islands is two orders of magnitude greater than the luminescence

intensity of the InAs islands. €999 American Institute of Physid$S1063-78209)01907-9

1. INTRODUCTION The starting reagents used were trimethylgallium

The formation of self-organized nanoscale islands(TMG)’ trimethylindium(TMI), arsine(a 20% mixture with

(nanoislands during the heteroepitaxial growth of strongly hydrogen, apd phosphlngéa 30% mlxtu.re Wltoh hydrogen
strained semiconductor layers is attracting attention becau droggn with a dew point not exceedingd0 °C served as

of the possibility of achieving three-dimensior(@D) elec- the carrier gas. . . .

tron confinement in homogeneous and cohefdistocation- The structures Wltf: InP nanoislands in an InGaP host
free) islands. In contrast with the nanoscale heterostructure§ o ¢ 9'OWN ath=700 C on GaAR00) _substrates. These .
formed when complicated photolithographic procedures argtructgres contaln_ed a layer of InP nanaislands, whose nomi-
employed, the self-organized heterostructures obtained b ! th|ckr1ess vangd from 0.5 to 12 mo.nolayéM;L). The
molecular-beam epitaxyMBE) and metalorganic-hydride fayer with nanoislands _was _sandW|ched betwe_en an
epitaxy [metalorganic vapor-phase epitaylOVPE)]| have No.4dG2.5:P buffer layer with a thickness of 0/6m, Wh'(.:h

a high density of states due to three-dimensional quantiz Was lattice-matched to the substrate, and an upper wide-gap

tion, as well as a high radiation efficiency due to the low Mo4d3@siP layer with a thickness of 0.04m.
defect densit)}. The structures with InAs nanoislands in an InGaAs ma-

Our purpose in this work was to obtain two types of trix were grown on I_nPl_OO) substrates al 3= 600°C. The_se
. Cs_tructures were similar in geometry to the structures with InP

hydride epitaxy and to investigate them. One of them confanoislands and contained from 2 to 10 ML of InAs sand-

sists of indium phosphide islands in am lgGay 5;P matrix wiched between lower and upper layers o diGa 4AS

lattice-matched to a GaAs substr&té.The other object of with a thickness of 0.25 and 0.04m, respectively. The
investigation consists of InAs nanoislands in growth rates for both types of structures were 2 A/s for the

Ing 55Ga 4/AS matrix lattice-matched to an InP substrat@. blnalry c;)c;r.lpour;d'sa\ and 8 .A{S fgr the temary soth?hsoluélonsa
This paper is divided into five sections. After the intro- n addition, InAAs Nanoisiands were grown at the reduce

duction, the second section describes the method used gjmperatureig=550 and 500 °C. Therefore, aiter the lower

grow the heterostructures, the third section presents the r uffer layer was formed &fy=600°C, the growth was In-
sults of an investigation of the heterostructures by transmist-_errUpted to lower th_e temperature for 2 and 2.5 min, respec-
sion electron microscopyT EM), the fourth section gives the tively. The upper wide-gap Ia_yer was grown at the growth
results of a photoluminescence investigation, and the resul{gmperature of the InAs nanoislands.
are discussed in the fifth section.

3. INVESTIGATION OF THE HETEROSTRUCTURES BY

2. METHOD USED TO GROW THE HETEROSTRUCTURES TRANSMISSION ELECTRON MICROSCOPY

In this work self-organized nanoscale InP and InAs is-  The structures with nanoislands were investigated in a
lands were grown on GaAs and InP substrates, respectivelplanar geometry on a Philips EM 420 high-resolution elec-
by metalorganic-hydride epitaxy on an Epiquip VP 50-RPtron microscope with a voltage equal to 120 kV.

system at a reduced pressui®0 mbay in a horizontal re- Figure 1 presents the transmission electron micrograph
actor of rectangular cross section with high-frequency heatef a portion of a structure with a nominal content of InP
ing of the substrate-holder. equal to 3 ML. The image contains nanoscale islands that are

1063-7826/99/33(7)/4/$15.00 788 © 1999 American Institute of Physics
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FIG. 1. Transmission electron micrograph of a portion of a structure with a Nominal thickness, ML

nominal content of InP equal to 3 ML.

FIG. 3. Energy of the photoluminescence intensity maximuf=a?7 K as
a function of the nominal thickness of the material deposited for various

fairly uniform in size with a clear pattern of strains around "anoislandsl — InP; 2 — InAs, peakE,; 3 — InAs, peakE,.
the nanoislands, which can be used to estimate the transverse

dimension of the nanoisland80 nm with a mean surface . .
2 The TEM image of the InAs nanoislands shows a pattern

density equal to 3:10”cm-*. of strain fields with less contrast than in the case of the InP

islands. Nevertheless, two types of nanoislands can be iden-
tified on it: islands with mean transverse dimensions equal to

60 and 25 nm with an approximately equal mean density of

(1-2)x10"%m 2.

B 4. PHOTOLUMINESCENCE INVESTIGATIONS OF THE
- Ing s62,5,P HETEROSTRUCTURES

B 50 mey An Ar* laser with an output wavelength of 0.5%4n
= was used to excite photoluminescen(®l) in the test
L 11 meV/ samples. The signal from each heterostructure was detected
by a photomultiplier with a peak spectral sensitivity in the
x 150 wavelength range.=0.35-0.9 um for the structures con-
taining InP nanoislands and by a GaSb photodiode with a
- peak sensitivity in the wavelength ranye1.3—2.4 um for
L I ! L L 1 J recording the long-wavelength spectra of the InAs nanois-
lands.
b Inp The power density of the exciting radiation was usually
100 Wi/cnt for the InP nanoislands and 5 kW/érfor the
InAs nanoislands due to the considerably smaller photolumi-
B nescence quantum efficiency in the InAs nanoislands.

Intensity, arb. units
I

125 meV A. InP nanoislands in an In 44Gag5;P/GaAs host

Figure 2a shows a PL spectrum of a structure containing
INP nanoislands with a nominal thickness of the InP depos-
ited equal to 3 ML in an Ip,dGa& 5P host afT=77 K. The
B PL spectrum shows two emission bands differing in quantum
- efficiency by two orders of magnitude. The intense band

I ! L L ! l J with a peak energy equal to 1.72 eV and a full width at

7.6 g'naer v 2.0 2.2 half-maximum (FWHM) equal to 50 meV probably corre-
99> € sponds to the luminescence of the InP nanoislands. The

FIG. 2. Photoluminescence spectrum of a structure with InP nanoisla\ndgmISSIOrI band with a maximum at 1.98 eV and an FWHM

recorded with pump power densities equal to 100 Wicanand 5 kwicrd ~ €qual to 11 meV corresponds tO. the emissiqu Of. the
(b) at T=77 K. The nominal thickness of the InP deposited was 3 ML.  Ing 4dG& 51P host. As the power density of the exciting light
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FIG. 5. Photoluminescence spectrum of a structure containing InAs nanois-
o . lands with nominal thicknesses of the deposited InAs layer equal to 4 ML
is increased, the PL spectrum broadens considerably. Wheg and 2.5 ML (b) at T=77 K. The pump power density was 5 kW/&m

the excitation power density equals 5 kWFra high-energy
band with an energy at the intensity maximum equal to 1.88
eV and an FWHM equal to 125 meV begins to dominate,
(Fig. 2b. At this point the PL intensity of the InP nanois-
lands becomes comparable to the luminescence intensity of Figure 5 shows PL spectra of structures containing InAs
the InGaP host. In our opinion, the changes in the PL spedl@noislands in an py{G& 4As host with nominal thick-
trum at the high pump power density are due to luminesN€SSes of deposited InAs equal to 4 Mtig. 53 and 2.5 ML
cence from the so-called InP wetting layer. (Fig. 5b at T=77 K. The spectra display a broad band with

Figure 3(curvel) shows the dependence of the energth0 maxim_a atE1=h0.73 pr _andEf2=0.66 eV._Vl\/e glssri]gn_
at the photoluminescence maximum of InP nanoislands oﬂwesehmamma_ t(.) td? em|SS|05n N dlng‘e)s nan?|s agd.s. aving
the number of monolayers of InP deposited. The position o Wo characteristic diameter25 an nm In addition,

the maximum of the PL band of the InP nanoislands remain§eor:2es§§§tgﬁg\2gnmi\3a:s dvc\ircl)lr(iZslSoiii\:/setrc?ltr?emgrsnilsegzr:n-
essentially unchanged in the range from 2 to 7 ML of mate- P

rial deposited. This differs from the case of quantum wells Of the I 545 4AS host. It is noteworthy that the lumines-

: ‘cence quantum efficiency of the InAs nanoislands is signifi-
where the energy at the maximum of the PL band decreas%%ntly lower than that of the InP nanoislands

as the thickness of the layer is increased. The weak depen- Figure 3 presents plots of the dependence of the energy
dence of the position of the PL maximum on the amount Ofat the maxima of the two PL ban@s andE, on the number
Ile deposited is probably evidence of the uniformity of the ¢ monolayers of InAs depositetturves2 and 3). In the
sizes of the nanoislands. _range from 2.5 to 7 ML the energies of the two bands depend
Figure 4(curve 1) shows the dependence of the PL in- weakly on the amount of InAs deposited. In addition, the
tensity on the amount of InP deposited. The maximum Plgyantum efficiency for the short-wavelength band at
intensity is observed in the structure containing 6 ML of InP,E,=0.73 eV has a maximum in the vicinity of 4 M(Fig. 4,
in which the external quantum efficiency was equal to 30%curve 2), and the quantum efficiency for the band with
at T=77 K. Abrupt deterioration of the luminescence char-g,=0.66 eV (Fig. 4, curve3) remains essentially the same
acteristics of the heterostructures occurs with an increase ifor 2.5—-7 ML of InAs deposited.
the nominal thickness of InPabove 7 ML and can be at- In the heterostructures with InAs nanoislands the inten-
tributed to coalescence of the InP nanoislands and an irsity of the long-wavelength PL band{=0.66 e\) exceeds
crease in the number of dislocations. the intensity of the band &;=0.73 eV when the number of

B. InAs nanoislands in an In  ;53Gag 47As/INP host
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monolayers of material deposited is si@&ig. 4. When the islands! An increase in the amount of material deposited at
number of monolayers of InAs increas@bove 3 ML the  first leads only to an increase in the density of the nanois-
short-wavelength band becomes more intense. Thereforgnds. It was shown in Ref. 10 that there is an optimal island
when the thickness of the material deposited is sr@ab  size not only for a sparse array of nanoislands, but also for a
ML), the InAs nanoislands of larger diameter probably domi-dense array of interacting islands. As the amount of material
nate, but as the thickness of the InAs deposited increases, tldeposited increases further, the nanoislands begin to coa-
number of nanoislands of small diameter increases and theliesce. This results in the appearance of a large number of
contribution to the PL becomes decisive. A similar phenom-nanoislands whose size significantly exceeds the critical
enon was observed in Ref. 8, in which similar structuresvalue®?® this leads to the formation of dislocations which
were investigated using atomic-force microscopy. The Plcause lowering of the PL intensitfig. 4).

spectra of the heterostructures with InAs nanoislands grown We wish to thank N. A. Bert and Yu. G. Musikhin for

at T4=500 and 550 °C contain long-wavelength emission incarrying out the electron-microscopic investigations of the

the rangen=1.78-1.91um atT=77 K. samples. We also thank R. A. Suris for a discussion of the
results and for offering some valuable advice.
5. DISCUSSION OF RESULTS This work was supported in part by the Russian Fund for

The investigations performed in this work showed that;“”‘::?met”ta' F gs_earcﬁﬁrOchEl_QB;]OZ]lBZ@g as well ‘?Pshby.
the structures with InAs nanoislands grown by metalorganic- fes I!glssiyto N C|enfe a;n S(,;C _notog%/ 5 (gggram ysics
hydride epitaxy can exhibit luminescence in the range®’ =0!d->tate Nanostructuresrroject Jo-
A=1.66-1.91um atT=77 K. The heterostructures with InP , , _
nanoislands emit in the range=0.66-0.72 um atT=77 K. E-mail: tarasov@hpld.ioffe.rssi.ru
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Photocapacitance relaxation in amorphous As
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»Sez films
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Studies of the photocapacitanceafAs,Se; films reveal that its relaxation has a fast and a slow
component, leading to two distinct spectra for the density and absorption cross section of

deep levels, with different thresholds and magnitudes. The authors associate the fast component
of the relaxation with photoemission of holes frdd centers, and speculate on the

possible nature of the slow component as well. 1899 American Institute of Physics.
[S1063-782629)02007-4

The characteristics of deep cente®*(,D ™) in glassy 2
As,Se; have been studies primarily in bulk samples. The use ACZ(t)=Z Acgi[l—exq—t/ri)],
of spectroscopic methodphotoconductivity, photolumines- =1
cence, photoinduced absorption, vibrational modes, and elegvherei =1 corresponds to the slow relaxation component,
tron spin resonanc€éESR] make it possible to obtain a andi=2 to the fast component. HeA-ani is the steady-state
rather complete picture of the energy spectrum of these deefalue of the increment in squared photocapacitance as
levels!? However, the situation in ASe, amorphous films t—o, and, is the characteristic relaxation time. The solid
is less clear, largely due to difficulties in using these methodsurves plotted in these figures show fits to our experimental
to investigate thin films. A useful replacement for them isdata(the symbols in Fig. llin the form of the expansiof1).
photocapacitive spectroscopyalthough the long Maxwell At high photon energie§h»y=1.51 eV (Fig. 1b), both com-
relaxation time ina-As,Se; (on the order of 2.4 s at 300)K ponents of(1) are present in the functioAC?(t) . With
requires that measurements be made at ultralow frequenciedecreasindiv, the fraction of the fast component decreases,
In this report we describe the first published study of photo-and for photon energies 1.51-1.29 eV the relaxation is de-
capacitance relaxation from a AlAs,Se, barrier, from scribed only by the slow componeffig. 1la, curve?). At
which we determine density and cross section spectra fostill lower energies lfr<<1.29 eV} (Fig. 18 only the initial
deep levels in the mobility gap @f-As,Se; films near room
temperature.

The samples used in our studies were prepared by 2.0
vacuum sputtering onto a cold glass substrate the following -
sequence of layers: a layer of antimofohmic contagt an
a-As,Seg film roughly 1 um thick, and a semitransparent
aluminum electrode with area 0.38mA Schottky barrier
forms at the Ala-As,Se, contact with a height of 1.16 e¥.
The capacitance of the barrier was deteremined in the fre-
quency range 10°-~5x 10 2 Hz, based on quasistatic mea-
suements of the hysteresis of the displacement cutrent.
When the sample was illuminated by monochromatic light
(AN=20nn) in the range of photon energiag= 0.83-1.82
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eV, holes that are photoemitted from previously occupied
nonequilibrium deep levels into the valence band drift out of
the depletion layer, increasing the negative space charge
This increase manifests itself as an increase in capacifance.
In Fig. 1 we plot the increment in the squared photoca-
pacitanceA C2=C},— Cj versus time for various values of
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hv. Cyq andCy, are values of the barrier capacitance in theFiG. 1. Relaxation of the photocapacitana€?(t) at T=289 K and a
dark and in the light, determined experimentally at a reverséeverse bias voltage of 0.2 V. Cuntecorresponds to relaxation of the dark

bias voltage of 0.2 V. The time dependence of the incremeni

apacitance; values of the photon enehngy eV: 2 — 0.886,3 — 1.03,4 —
13,5 —1.24,6 — 1.29,7 — 1.38,8 — 1.55,9 — 1.59,10 — 1.63,

can be expressed as a sum of two exponentials in an expaiy _ 1.72,12 — 1.77. The solid curves are the results of best fits of the

sion of the form

1063-7826/99/33(7)/3/$15.00 792

function AC2(t) using one(a) and two(b) exponentials in Eq(1).

© 1999 American Institute of Physics
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portion of the relaxation is visible during our measurement

time interval(Fig. 1a, the dashed curye$n the analysis that ﬂ‘é’ *
follows, we assume that the process characterized by the s = 10
decomposition(1) is photoemission of holes, because the 0 8 -
relaxation of the dark capacitan¢eurve 1) has a consider- e
ably larger time constant. The parameters of the photoemis- 5’ gt
sion processeACii andr; are determined by the densities of o =
statesN;; excited by the light and the absorption cross sec- S v’ ¥ ’j .
tions o at photon energpv:® o 07.2 VT ST

ACZxNy, 7 t=do?, (2 hov, v WED °

[ ]

where @ is the flux density of the light incident on the Pl s “was 4
sample. "0 07 62

Figure 2 shows spectra of the steady-state vamééi . . " e at &2
for the slow(curvesl and1’) and fast2 and2’) components T N S SO RN RO S T
of the photocapacitance relaxation at temperatures 289 and 08 0 12 Ry 7:\; 16 18

315 K. The fast component is observed only for energies
hv=1.51 eV; the energy 1.51 eV marks a tran;mon n .theFIG. 3. Spectral dependence of the absorption cross seefidor the slow
spectrum of the slow component from a more mildly slopingi=1, curves, 1) and fast(i =2, curves, 2') components of the relax-
low- energy segmenfvisible in the relaxation only at low ation; temperaturd, K: 1,2 — 289,1',2" — 315. The inset shows the
temperatures; see cunlé) to one with a steeper slope. The dependence of}’ onhw for T=289 K andi=1 (curvel), i=2 (curve2),
right-hand scale in the figure gives upper-bound estimates [FU'(;)UZ',(?,(("ASV‘;BZ’:(f"()rri')”?;ejsze_a"log’sé"_mcla;e the thresholds of the functions
the concentration of states excited by the light based on EQ." ' o o
(2). It is clear thatN;;>N;, over the entire spectral range.

Figure 3 shows spectra of the absorption cross section ) _
for both components at the same temperatures as in Fig. 2, According to these data, the spectra of the dc increment
calculated from the relaxation time constants deduced fror?f the squared photocapacitance and absorption cross section
fitting to Eq. (2). For T=289 K the experimental data are contain features associated with states of at least two differ-
well rectified in Lukovsky coordinates o€)?3(hw)? ent deep levels, with energies located in the upper half of the
=f(hv) (see the inset in Fig.)3In these coordinates, the semiconductor bapd gap. According to Fhe level scheme for
extrapolated threshold values 1.3 and 1.5 eV, and more nd:_harged+ defectf im-As,Se; postulated in Refs. 1 and 2,
tably the values of the absorption cross sections, differ sig!®VeISA™ andO™(O), located at energies 1.4 and QGB9)
nificantly for the two componentéhe values of the cross eV from the top of the valence band, respectively, lie in the
sections by more than a factor of )30ncreasing the tem- ange of photon energies under discussion. These levels are
perature to 315 K allows us to identify a very small responsible for two processes by which holes are photoemit-
(<10 8cn?) cross sectionr? for the slow component in  t€d into the valence band:

the energy range 0.8—-1.3 eV. hy

D*—D%h, (3

2 hy
10 07 D°—D~ +h. (4

2; . According to the model derived by Stréehese charged

. defects,. transitior{3) causes the tail in the re:-g'ion of weak
o2 . absorption and Iow-energy .ph.otoconductlwty. Once a
. B temperature-dependent shift is included-2.4x 10 3 eV
10} 07 -K™1: see Ref. 7, the 1.51-eV threshold we find in this
paper agrees with the location of tA& level as revealed by
the photoelectric measurements of Ref. 2 in bulk samples of
nug of ¢ a-As,Se. Our estimates of the concentration~5%
o5 X 10" em™3), cross section{ 10 *®cn?), and character of
7la K¢ Tmﬂ its spectrum are typical of deep centers in chalcogenide
glasses, and are confirmed by data from low-temperature
900 measurements of induced absorption and ESRese fea-
L tures allow us to assign the fast component of the photoca-
1.6 1.8 pacitance relaxation to transitions of ty(& with high prob-
ability.
FIG. 2. Spectral dependence of the dc value of the squared photocapacitance It is Con_SIderably more dlffl(,tult t_O identify the second,
incrementA CZ, for the slow(i =1, curvesl, ') and fasti =2, curves2, 2/)  SIOW relaxation process shown in Figs. 2 and 3. The states
components of the relaxation; temperatiite<: 1,2— 289,1',2' — 315.  involved in it are present in high concentrations {40
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10*%cm2), have an anomalously low absorption cross section edge. According to ESR data, the mildly sloping portion
tion gg (=7x10 *Bcn?), and make the spectra QﬁCi of the spectrum is caused by defects at chalcogen atoms,
broad, strong, and temperature-dependent. Pr¢dgsannot ~ Whereas the steep portion is associated with the formation of
possibly be responsible for all the peculiarities of these cenmetastable paramagnetic states on arsenic atoms.
ters. Previous studies afAs,Se; have also noted the pres- An alternate interpretation of the small absorption cross
ence of a mechanism that allows absorption with a very lowsection is based on the possible existenca-is,Se; films
cross sectiofi®? In their analysis of the kinetics of photoin- 0f & high concentration of so-called close-pair de_fjeth
duced absorption over a wide temperature range, Monrogariable valence "D ™). In this case, optical excitation of
and Kastnel’ observed that the absorption cross section aholes into the valence band takes place either directly or by a
room temperature increases almost linearly from 2.3wo-step process: first an optical transition takes place within
X 10 to 7x10 ¥cn? in the energy rangav= 0.8—-1.4 the pair, and then the hole is thermally ejected. The probabil-
eV. These data are in good agreement with our regblgs ity of this process is limited by the second step, and can be
3, curvel’). It is clear from Fig. 3 that the cross section quite small. As evidence for a stage of thermal excitation we
remains less than¥10 *¥cn? above the energhwv= 1.4  point to the strong temperature dependence of the slow re-
eV as well. The authors of Ref. 10 also showed that deef@xation component.
levels in the tail of the conduction band also participate in
the absorption along with states of charged defects, since thégiectronic Phenomena in Chalcogenide-Glass Semicondyadited by
threshold energy for the absorption cross section spectrumkK. D. Tsendin[in Russiaf, A. F. loffe Physicotechnical Inst. Publ., Russ.
i At _ Acad. Sci., St. Petersburg, 1996.

follijwsilg the'rmallzat|0n law &, . kTIn(vgt), where 2G. . Adrinenssens, Philos. Mag 63, 79 (1990,
vo=10 s). This prqmpts us to consider a number of other 3L. S. Berman and A. A. LebedeGapacitive Deep-Level Spectroscopy in
phenomena as possible reasons for the small value of thesemiconductorfin Russiai, Nauka, Leningrad, 1981.
cross section: correlation effectdow quantum efficiency, 4<S'99D;9 Shutov and A. A. Simashkevich, J. Non-Cryst. Solid§, 253
or k_)amers created by the Coulomb o_%flectron-phonon inter Kuhn, Solid-State Electrori3, 873 (1970,
action thqt can trap free charge carri TS. _ SR.A. Street, Phys. Rev. B7, 3984(1978.

As evidence of a role for defects in the slow relaxation 7G. J. Adriaenssens, M. Hammam, H. Michiel, and J. M. Marshall, Solid
process, we note that the character of the spectral distributioggtaée g_o?:muﬁ5’s;‘65(1983-|: C. Taylor, Phys. RedB2278(1977

. . - . . G. Bishop, U. Strom, and P. C. Taylor, Phys. Re .

of the densﬂg of stat_esltl in As,Se;, which we estimate 93 Tauc and A. Menth, J. Non-Cryst, Solifis10, 569 (1972,
here fromACy; (see Fig. 2, is analogous to that of the same 10p_ monroe and M. A. KastneiPhysics of Disordered Material\. Y. —
guantity inferred from data on optically induced ESR in London, 1985 p. 553.
A5283.11 In both cases, the functio,;(hv) exhibits a tran- 13, A. Freitas, Jr., U. Strom, and S. G. Bishop, Phys. Re\38587780
sition from mildly to steeply sloping function at a photon (1982).
energy corresponding to the beginning of the Urbach absorpFranslated by Frank J. Crowne
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Controlling the U™ -center density in Se—As chalcogenide-glass semiconductors by
doping with metals and halogens
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Temperature dependences of the drift mobilities of electrons and holes are investigated in
chalcogenide-glass semiconductors with compositiaa/3e, both without impurities and with

the impurities Ag and Br. The data obtained indicate that the localized states that control

the transport of charge carriers dye -centers, and that the change in the magnitude of the drift
mobility after doping is caused by a change in the concentration of these centers. Estimates
of the concentrations of positive and negatively charged intrinsic defects show that their values are
similar, equalling~10'®cm™2 in impurity-free glasses with the composition,Jess and

lying in the range 1¥-10"cm 3 when these glasses are doped with Ag, Br, and Cl. It is
established that halogen impurities change the concentratibh edenters most strongly

(by two to three orders of magnitudeAnalysis of the data obtained shows that the percentage
of electrically active Br and Cl impurity atoms is 1%, while for Ag atoms it is 4%.

© 1999 American Institute of PhysidsS1063-782809)02107-9

INTRODUCTION determine the concentration &f -centers and their energy
position in the CGS system Se—As.
At this time we may consider it established that the pre-

dominant type of i_ntrinsic defec_t in chalc_ogenide—gla_ss SeMitypERIMENTAL METHOD

conductors(CGS is a defect with negative correlation en- _ _ N

ergy (U™ - centers.~" In the ground state,) ~-centers exist The choice of the CGS with compositionggks; as our

in the form of charged point defecB* andD . This im- object of investigation was made because its mobile charge
) ; ; <16

plies that their concentration can be changed by doping th€&rTiers include both holes and electrdfis.

CGS with impurities capable of forming charge statesBy We u_sed Ag(an ?'ec,"ica",V_ positive impuril)yan_d Br,_
affecting the concentration dfi~-centers we can control Cl (electrically negative impuritigsas dopants. The impuri-

such vitally important properties of the CGS as its electricafi€s were introduced into the material during its synthesis, in

i 1 Lap—3
conductivity, photoconductivity, and luminescericé. concentrations that ranged from’2@o 1¢°*cm . .
: The samples we used for measurements had a “sand-
Recently, the problem of how to vary the concentration

- . . )Q/ich” structure, consisting of layers with thickness 1.5
of U™ -centers has become interesting for another reason. A5 5 um prepared by thermal evaporation in vacuum at a
topic of current interest in the literatré? s the possibility < #M Prep y P

Cresidual pressure of 16 Torr. As substrates we used pol-

. . ) - |tshed glass plates on which we first deposited a lower elec-
Ing state. It is belleveql thgt the ap!llty of such a system %ode made of aluminum or 3@3. As the upper electrode we
bfacome superconduptlng is sensitive above all else to thﬁsed a semitransparent film of aluminum sputtered in
blgolaron concientrauo[\. Now, the two charge states of th¢:acuum onto the layer of material under study. The concen-
U~- center O aqd D™) are by their na}ture classical ex- yration of impurities in the films was set equal to their con-
amples of small bipolarons. Moreover, in contrast o othefgnt in the batch. The temperature of the samples was moni-
material systemse.g., materials with high-temperature su- 5req by a thermocouple.

perconductivity, in which the very existence of small bipo- In order to study the drift mobility we used the method
larons has not been established unambiguously, the presenge time-of-flight measuremenf. Charge carriers were in-

of U~ -centers, i.e,, small bipolarons, in CGS is no longerjected into the sample by a pulse of strongly absorbed light

questioned. Therefore, the pOSS|b|I|ty of Controlling the Conwith Wave'ength 033Lm and duration~ 8 ns obtained from
centration ofU ~-centers with the help of doping encouragesg | GI-21 laser.

one to hope that a model material based on CGS could be  The time-of-flightt; of the charge carriers through the
created for the express purpose of investigating the problemample was deduced from the dependence of the photocur-
of superconducting transitions in a system of small biporent on time. The drift mobility was calculated from the ex-

larons. pressionu=L/tF, wherelL is the sample thickness, affd
In this work, we have measured the drift mobility of is the electric field intensity.
charge carriers in glasses with the compositiogsS& over If the charge carrier transport is monitored by capture of

a wide range of temperaturds= 290-360 K in order to carriers at a discrete trap level located at a distaxieerom

1063-7826/99/33(7)/4/$15.00 795 © 1999 American Institute of Physics
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-10r concentration[Br]=10 “at.% the concentration depen-
i dence of the drift mobility exhibits a segment on whigh
increases ang. decreases.

Our investigations have shown that the values of activa-
tion energy for the charge carrier drift mobilities practically
coincide in our doped and undoped CGS samples. This fact
allows us to associate changes in the drift mobilities with
changes in the concentration of localized states that control
the transport, and to explain our experimental data in terms
of the model of charged intrinsic defects developed in Refs.
1-5.

According to this model, charge carrier transport in CGS
i is controlled byU ™ - centers, which consist of the charged
B S e —— defectsD™ andD . These defects are formed from an ini-

: 2.8 3.0 32 34 3.6 . 0 . -
tially neutral defecD” according to the reaction

107, K}
2D°-D+D". 2

FIG. 1. Dependence of the drift mobility of hol€¢4,3,9 and electrons . n B
(2,4,6 on temperature for glasses with the compositiogs&® without ~ SiNCe theD ™~ and D~ -centers are traps for electrons and

impurities (1,2, with 5.7 at. % Ag impuritieg3,4), and 10* at. % Brim-  holes, according to Eq1), the values of the drift mobilities

purities (5,6). The field intensity was X 10" v/em. are inversely proportional to the concentration of these cen-
ters:
~ + ~ -
the edge of the band gap, then the expression for the drift #e D7), wn~1D]. @)
mobility is written in the form Impurities affect the concentrations oD*- and
= wo(No /N exp — AE/KT), (1) D™ -centers in the following way. When negativer posi-

. N o tive) charged impurities\~ (A ") are introduced into the ma-
where, is the mobility of the charge carriers in the allowed terjal, the law of electrical neutrality must be satisfied:
band, and\. and N, are the effective densities of states in

the allowed band and the density of localized states, [A"]+[D"]=[D"] or [A"]+[D"]=[D"]. (4

respectively'® This expression can be used to determine theaccording to the law of mass action, we can write the fol-

concentration of traps that control the transport. lowing quantitative relation between the concentrations of
charged centers generated by the react®)n

EXPERIMENTAL RESULTS AND DISCUSSION [DT][D ]=[D°]?=const. (5)

Figure 1 shows experimental data obtained from our From Egs(4) and(5) it follows that as the concentration
studies of the temperature dependence of the drift mobilityj A~ ] increases, the concentration Bf -centers should in-
both in a material without impurities and in doped materialscrease, while the concentration 8f -centers should de-
with concentrations 5.7 at.% of silver and 10at.% of crease. When a positively charged impury is intro-
bromine. It is clear from the figure that the values of activa-duced, we observe the reverse procdd3:] decreases,
tion energy for the drift mobility of electronsAE.,) and while[D ] increases. According to E¢B), such a change in
holes AE}) in samples with silver and bromine impurities the concentration of chargeld ™ -centers leads to a corre-
are similar AE.=AE,= 0.44— 0.46 eV, and do not differ sponding change in the value of the charge-carrier drift mo-
significantly from values of the corresponding activation en-bility similar to what we observe experimentally.
ergies found in undoped materiaAE.,=AE,= 0.46— Based on these ideas, we estimate the concentrations of
0.48 e\). At the same time, it is clear from these data that theD *- and D ~-centers in layers of CGS with the composition
value of drift mobility for charge carriers changes after dop-SeysAss doped with Ag, Br, and Cl. For these estimates we
ing. When 5.7 at. % Ag is introduced, for example, the elecwill use Eq.(1) and the assumption thai,= 10 cnf/(V-9)
tron mobility (u.) increases by more than an order of mag-andN.=10"cm™3. As a result, we find that when 5.7 at. %
nitude, while the hole mobility £,) decreases by Ag is introduced into the material, the concentration of
approximately the same amount. We note that a similar typ® ~-centers increases te 10'”cm™ 3, while the concentra-
of change in charge carrier mobility is observed in glassytion of D*-centers decreases t010*°cm 3. Doping with
As,Se as well, when Ag impurities or other metals are halogens causd® ~ ] to decrease te-103cm 2 and[D "]
introduced'%-2* to increase to~ 10 cm 2 (Fig. 2.

Behavior of the drift mobilities corresponding to an in- Using the fact that in impurity-free $#\ss we estimate
crease in the mobility of charge carriers of one sign withthe concentrations oD*- and D™ - centers to beg D]
simultaneous decrease in the mobility of charge carriers of=[D~]=10%cm 3, we obtain from Eq.(5) the value
the other sign is also observed when glasses with the coniD " ][D~]=10*2cm 5, i.e., [D°]=10"%cm3. This result
position Sg;Ass are doped by haloger®r and C).?> For  agrees with data obtained from silver doping, since in this
example, when the impurity Br is introduced, starting at acase we also have "][D ~]=[D°]?=10*?cm™®.
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®la - which the melt is held once at a fixed temperatdre
7L a ’,/’ A =700°C, which is used to synthesize impurity-free material.
o 10 atb ,/" 2 In order to calculate the dependence of the concentration
g e o ’,/’,A of chargedU ~-centers on the total concentration of halogen
2 1016 e atoms[A] we use Eqs(4) and(5) and assume that
+ ° _-- N
S sk o -~ [A"]=K[A]. (6)
N Tl Substituting the expression f§D*] from Eq. (4) into Eq.
= ul N { (5), we obtain the following quadratic equatiofD ~]2
10 el & _—i—[D‘][A‘]—[DO]2=0. This equation, along with E@6),
ok ‘\\ ] imply that
i [D7 )= — (KAL) + (KAL{L+ [DOPI (K AT}, (7)
1016 10" 10'8 1019
Halogen concentration, at/cm > [D+]:(k[A]/Z)+(k[A]/Z){1+[Do]zl(k[A]/Z)z}uz- 8

FIG. 2. Dependence of the concentrations of negativélyand positively Figure 2 shows theoretical p!OtS corresponding to Egs.
(2) charged intrinsic defects in glasses with the compositioa/Se on the (7) (curvel) and(8) .(curve 2)’_ settingk= 0'0,2' The agree-
content of Br(a) and Cl (b) impurities. The dots correspond to values de- MeNt of the theoretical functiond) and (8) with values of
termined from experimental data using E#). Data on values of the drit [D~] and [D*] obtained from the experimental data at
T@Ei"tyf;or concentations of Br and CI imguri;ie; in the rangéh71@> k=002 suggests that when the material is doped with bro-
dep:r?;encirsel—ta :aﬂcujgtrzd ffo-m e>.<presesio($§, eZ—Irgzlscu?;‘teedt ﬁ’g:ﬁtlcamme and chIo_rme, 1 out of _50 Impurity gtoms "?98&55
expressior(s). become negatively charged, i.e., the coefficlemt this case
is two orders of magnitude higher than the value established
previously for silver doping.
We also note that for high impurity concentrations and
Based on these data we can estimate the concentration gf,es offA~] that exceed D] by two to three orders of
positively charged silver impurity centef&*]. Assuming magnitude(i.e., [Br]=10cm 3, [CI]=10cm3), trap-
that [7A+]>3[D+]’ from Eq. (4) we obtain[A"]=[D"]  ping at negatively charged impurity centers probably begins
=10""cm ", so that the total concentration of silver intro- tq jimit the hole drift mobility, since its value decreases as
duced is~10**cm 2. Thus, only one out of I0silver atoms  the impurity concentration increas@sSince in this range of
appears in SgAss as a positively charged center. The ma-jmpyrity concentrations the value AfE,~ 0.4 eV (which is
jority of impurity atoms are not electrically active, and prob- gomewhat lower than the energy level of De-centers that
ably are incorporated into the host material by satisfying allimit ,, for [A]=10-10¥cm 3), and since [A™]

of its valence requirements according to the—8! rule,” >[D "], we may conclude that the probability of capture of

whereN is the number of valence electrons of the afoh.  poles by negatively charged impurity centers is considerably
As for the material with halogen impurities, in order to |gwer than it is for capture bp ~-centers.

estimate the concentration @ *- and D~ -centers in this
case we use valugs, and u, obtained b_y us and in Ref. 22. CONCLUSIONS
In this case we assume that the activation energy for the
charge-carrier drift mobility in the samples with Cl impuri- Our studies have shown that introducing the impurities
ties does not differ significantly from that of samples dopedAg, Br, and Cl into a CGS with composition gAss leads to
with Br found in our work. a considerable change in the magnitude of the drift mobility
We see clearly from Fig. 2 that in samples with bromineof electrons and holes, while leaving their activation energy
contents in the range 3710'® to 3.7x10'¥cm™2 the con-  practically unchanged. The data obtain by us indicate that the
centration [D ] decreases from~10" to ~10"cm 3,  localized states that control the transport of charge carriers in
while [D*] increases from~10'"° to ~10%cm 3. In this  CGS from the system Se—As are associated With cen-
case the produc{D"][D ]=10"cm &, so that[D°] ters, and the change in magnitude of the drift mobility after
=10"%cm™3, i.e., an order of magnitude smaller than in thedoping is due to the change in the concentration of these
original undoped material. The same value of the productenters.
[DT][D ]=10¥cm © was obtained from analysis of ex- Our estimates of the concentrations of positively and
perimental data obtained from samples doped with chlorinenegatively charged intrinsic defects show that the values of
The reason why the concentration BP- centers de- [D*] and [D~] are similar and equak10%cm 2 in
creases in material doped with halogens is not entirely cleaimpurity-free glasses with the compositionggess, and vary
We can probably explain this fact by invoking the mecha-from 10" to 10" cm 2 after doping with Ag, Br, and Cl. We
nism of “healing” of intrinsic defects proposed in Ref. 22. It have established that halogen impurities cause the largest
is also possible that the concentration of intrinsic defects ighange(by two to three orders of magnitudi the concen-
affected by certain features of the process by which materiatration of U™ -centers.
with halogen impurities is synthesized. This process includes Analysis of our data shows that the percentage of elec-
two steps at which the melt is held at constant temperature #rically active Br and Cl impurity atoms in $€\ss is 1%,
atT,;=700°C andl,=430 °C — in contrast to the process in while for Ag it is 10 2%.
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A theory is developed for photoresistors made up of trapezdididped superlattices and their
sensitivity to long-wavelength infrared light, based on a model proposed previously by

the authors. It is shown that despite interband absorption of the infrared light and photogeneration
of electron-hole pairs, the photoconductivity of the superlattice is unipolar, and that the
photoelectric gain and photosensitivity of a photoresistor incorporating such a superlattice can
reach enormous values. It is established that the lifetime of electrons and holes,

determined by tunnel-radiative transitions, determines the kinetics of the photoconductivity
decay. A paradoxical effect is predicted: the voltage photosensitivity of a trapezoidal superlattice,
in contrast to all other types of photoresistors, is nearly independent of the lifetime of the
photocarriers and level of dopin@ge., concentration of equilibrium carrigrsand can have a
gigantic value. The spectral sensitiviR(w) is calculated, and it is shown that near the

absorption edg®(w) increases linearly with increasing photon energy. The spectral density of
generation-recombination noise is found, along with the detectivity of such photoresistors.

It is noted that this type of photoresistor allows fast erasure of the photoconductivity.99®
American Institute of Physics.
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T | o4 oy G4
Nd Nd B
1. In Refs. 1-4 we discussed a new kind of Na ' Na
superlattice—the trapezoidat-doped superlattic TSR). Gy O fad:' £y O; O©j
This structure can be grown using any of the well-known -

homogeneous single-crystal semiconductofsuch as
Ge, GaAs, InSb, and InAsLike classical superlattices of
n—i—p—i-type>® TSR do not contain heterojunctions and
strained layers, and separate electrons and holes in space.
the thin regions of the TSR between differently charged
S5-doped layers, superstrong electric fields appear, leading tc off
a band diagram consisting of alternating trapezoidal potential 4 hog= £
wells for electrons and holeig. 1). The Franz-Keldysh &7 _ _ . _ 2 | __ . F._.__._ T. -x( ......... -
effect predicts that these superstrong electric fields can me 7[«'

diate the efficient absorption of infrared light of any polar-
ization in regions of the TSR where they are present for 9%
photon energies w<E, (whereEg is the width of the semi-
conductor band gapFor example, TSR'’s based on InSb and
InAs with certain parameters can efficiently absorb long-
wavelength IR light out to 50—10@m, while TSR’s based

on Ge and GaAs can absorb out to 4.5 anduB, _ _ _ _

. 4 . . . FIG. 1. Trapezoidals-doped superlatticel—doping profile,2— energy
r.es'pectlvely}. Because of the SPat,'a| §ep§ratlon of nonequI'dialgram; the arrovB shows interband optical transitions that are indirect in
librium electrons and holes, their lifetimesin the TSR are  real space involving absorption of a photon with enefigy< E,; the arrow
determined by tunnel-radiative transitions and can be ex4 shows tunneling recombinatigindirect in real spadeof an electron and
tremely long. Even in TSR based on InSb with its very smalla hole with emission of a photon with energiy=~Eg", whereEg' is the
effective optical band galEgﬁ (corresponding to a long- effectl\{e width of the TSR band gap;y and o, are surface de?nsmes of

. atoms in thes-doped layers of donor and acceptor type respectivéjyand
wavelength absorption edge,,=25 um), 7can reach val- . are uncontrolled concentrations of donor and acceptor impurities; and
ues on the order of 1 ms. Moreover, in contrast to classicallyy, 1., andl,4 are the TSR layer thicknesses.

!
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I +

L
~
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doped semiconductors,r depends only weakly on

temperaturé.t is obvious that in TSR’s based on wider-gap / s
semiconductorgsuch as Ge and Gafsand also in cases

where the built-in electric field intensity of the TSR is not Ca
too large, 7 can reach extremely large values, and conse- Od
quently the photosensitivity of the TSR can have gigantic Co

values.

In this paper we consider the spectral dependence of the
photosensitivity, generation-recombination noise, and detec-
tivity of longitudinal IR photoresistors based on TSR’s.

2. TSR’s are created in a single-crystal nondegenerate !
semiconductor by pairing alternatidgdoped layers of donor v
and acceptor type, with surface atomic densities equai;to s L
ando,, respectively. In such a TSR, regions of superstrong
built-in electric fieldE=4mwqo/e can appear between oppo- FIG. 2. Structure of a longitudinal TSR photoresist#substrate 2—
sitely chargeds doped layers, where is the electron trapezoidals-doped superlattice3—strongly dopedn™-type regions, i.e.,
charges is the dielectric constant of the semiconductor, andPhmic contactsz, W, andd=ML are the length, width, and thickness of

. the TSR photoresistor, respectively.
og=0,=0. In such regions of the TSR, the long-
wavelength edge for interband absorption of IR light is de-

termined by the effective width of the band g&§"=E, by p—n*-type blocking contacts. Since photoelectrons ac-
—qVp, whereVy=El,q is the potential difference between cumulate in then-regions, the photoconductivity of such a
differently chargeds-doped layers, antl,qy is the distance photoresistor is unipolar in character.
between these laye(Big. 1)."* The spatially separated elec- Note that in bipolar photoresistors the value of the pho-
trons and holes, localized in- and p-type potential wells, toelectric gainK is limited due to extraction of minority
respectively, are effectively described by a statistically noncarriers in the contact. Thus, for photoresistors wittype
degenerate electron gas in a uniform semiconductor with photoconductivityK < (u,/pp+1)/2, wherep, and u,, are
band-gap widtrES". In particular, an analog to the law of mobilities of electrons and holes, respectiviyn a unipo-
mass action is satisfied in thermodynamic equilibriim: lar photoresistor the phenomenon of extraction of minority
_ eff — N2 carriers does not occur, akdcV, where the maximum value

NoPo=NcNylal aexp —Eq /KTy =N7, @ o voltageV applied to the photoresistor is limited only by
whereN=fndx, P=/pdx n andp are the numbers and breakdown(electrical, thermal, or tunnelingWe emphasize
local concentrations of electrons and holes in theand that the electric and tunneling breakdown fields of a longitu-
p-type potential wells, respectivelthe integration is over dinal TSR photoresistor can be quite high, since their values
the corresponding potential wglNy andP, are the equilib- are determined by the width of the band gap of the semicon-
rium numbers of electrons and holes in theand p-type  ductor used to make the TSR.
potential wells, respectivelyN. and N, are the effective The voltage photosensitivity of a unipolar photoresistor
densities of states of the semiconductor in the conductio®,«AN/N, where AN is the number of photocarriets.
and valence bands, respectivetys Boltzmann’s constanf,  Therefore, the quantityr, for a TSR photoresistor will be
is the absolute temperaturg, and |, are the distances be- high if the number of electrons in thetype conductivity
tween identically charged-doped layers of donor and ac- layers is small. In the majority of II-V semiconductors, ef-
ceptor type, respectivelyFig. 1), and N; is the effective fective masses of electrons and heavy holes differ strongly:
intrinsic carrier concentration. m.<m,,. Therefore, the number of equilibrium nondegen-

It is clear from the TSR energy diagraifig. 1) that the  erate holes in thp-type wells can greatly exceed the number
nonequilibrium electron-hole pairs generated by interbanaf equilibrium nondegenerate electronsnittype wells. This
absorption of infrared light with photon energiég&<E, in  implies that according to Eq1) the number of electrons in a
the regions of superstrong electric field are rapidly separatep-type TSR can be made much smaller than the number of
in space: the electrons roll down into timetype potential holes in am-type TSR. This justifies choosing' -type con-
wells, while the holes float up into thp-type wells. This tacts for such a TSR photoresistor.
leads to an unusual situation: although the absorption of in- A high concentration of holes is realized in a TSR pho-
frared light in a TSR is determined by interband optical tran-toresistor, e.g., whem,>o4. Actually, in a TSR that effi-
sitions accompanied by generation of electron-hole pairs, theiently absorbs IR light;*the quantitiesry ando, are usu-
photoconductivity of the TSR is unipolar. ally much larger thamNyl4 andN,4l,, whereNy andN, are

Let us clarify this assertion for the example of a longi- uncontrolled concentrations of donor and acceptor impurities
tudinal photoresistor with the structure shown schematicallyn the regions of the TSR between the donor and acceptor
in Fig. 2. Such a photoresistor consists of a TSR with twos-doped layers. Therefore, the condition of electrical neutral-
strongly dopedn™-type regions at a distancé from one ity over one period of the TSR implies thRt=2(o,— oy)
another, which are ohmic contacts to all theéype layers >N;. For example, in a TSR based on InSb the quantities
(potential well$ belonging to the TSR. In other words, cur- and oy come to (2—5X 10'2cm™ 2, while for the thickness
rent flows along ther-layers, while thep-layers are blocked of the p-type welf~* we havel,= 100A. Therefore, the

1
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concentration of holes in thetype wells can have a value of

order 168cm™3, i.e., close to the value dfl, for InSh. It

thus follows that when the conditioNy,N,<10cm™3 C p* J 1

holds, the equilibrium electron concentratidly and hole 2

concentratiorP, in the TSR does not depend on the quanti-

tiesNg andN, . n* 7 1(n* w
In order to analyze the photoconductivity let us consider

the continuity equation 2 S

S

an N N 143, 5 ! !
o9t G o 2 : :

wheregt and g are rates of thermal generation and photoge- £

neration of electrons, is the recombl.natlon rate, anl'i' IS, FIG. 3. Structure for quenching photoconductivity in a TSR photoresistor.
the electron current density. Following Ref. 5, let us inte-3_gnmic contact to the-type layers 2—additional ohmic contacts for the
grate Eq.(2) over one period of the superlattite We note  p-type layers.

that in a TSR the conditior 4L <1 is satisfied. Herev is

the effective absorptiofi.e., averaged over a peripdf IR
light in the TSR! This implies that the optical generation
within many adjacent periods can be treated as uniform. In
this case, the electron current density is a periodic function;
more accurately, we can assume that(dJ,/dx)dx=0.
Since [ n dx=N to exponential accuracy, we find from Eq. whereE_ is the longitudinal electric field in the TSR photo-
(2) that for each period of the superlattitethe following  resistor,W is its width (Fig. 2), M is the number of superlat-
equation holds: tice periods, andN; is the number of nonequilibrium elec-
trons in thejth potential well of the TSR. The latter is
determined from Eq(4), and in the steady state it is

j=M
I=q,unE£lel AN;, (5)

oN
ANJ = TRGj y (6)
whereG= [, g dx, Gr=/[_gtdx, andR= [ r dx are the in- o _
tegrated rates of photogeneration, thermal generation, ardhere the rate of photogeneration in thtx period of the

recombination, respectively. TSR is
For small deviations from thermodynamic equilibrium - )

(AN<Ny), Eq. (3) can be rewritten in the form Gj=(1-R)exd — ae(j —1)L]IS Laenrexpl — aerx)dX,
JAN AN Ris the reflection coefficient, anbiis the photon flux density
ot G- 0 (4 of the light incident on the photoresistor. Using the condition

ael<<1, the rate of photogeneration in thea period of the

where 7 is the lifetime of nonequilibrium carriers. From Eq. TSR can be rewritten in the form
(4) it is clear thatr determines the decay of the number of _
nonequilibrium electrons after the illumination of a TSR by ~ Gj=(1—R) aexL Jexd —aen(j—1) L]. (7)
IR light ends, and consequently it determines the decay of L ) )
the photoconductivity. In TSR's that efficiently absorb long- >UPstituting Egs(6) and (7) into Eg. (5), we obtain
wavelength IR light, the lifetime of nonequilibrium carriers | =

. . . . " =qnJAK. (8)
7r IS determined by tunneling-radiative transitions of elec-
trons from then-type potential wells to th@-type potential Here A=LW is the area of the photosensitive regiahis
wells? and can become quite largen the order of 1 ms for the length of the TSR photoresistd¢;= 7x/t, is the photo-
InSh). Note, however, that the photoconductivity of a TSR electric gainit,= £/ u,V is the time of flight of an electron
photoresistor can also be quenched. Accordingly, it is neceshrough then-region of the TSR)V=E_.L is the voltage

sary to make not only ohmic contacts to the layers of oneypplied to the TSR photoresistor; amds the quantum effi-
conductivity type, but also one or two additional ohmic con-ciency, which is

tacts to the layers of the opposite conductivity typey. 3.

When a voltage is applied across ohmic contacts to layers of - -

different conductivity types with a polarity that decreases the7=(1—R) ael '21 exf — aer(j —1) LI=(1-R) aend,

height of the potential barrier between the donor and accep- 2 (9)

tor 5-doped layers(Fig. 1), nonequilibrium electrons and

holes can be extracted from the corresponding potentiavhered=ML is the thickness of the TSR. In E(Q) we

wells. have included the fact that the number of periods of the TSR
3. The photocurrent in an-type TSR photoresistor can is limited by diffusive spreading of thé&-doped layers, and

be written in the form the most realistic situation is one whetgzd<<1.

j=M
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2 18 The voltage sensitivity of the photoresistor is determined
* by the expressioR,=R, /Y, whereY is the photoconductiv-
= ity of the photoresistor, which for a TSR is
x > 2
58 = Y=qu,W(MNg+ 7Jy7r)/ L, (14)
= :
85 g whereJ,, is the flux density of background photons. In writ-
£ ‘:i_ 1+ = ing Eqg. (14) we have used Eq$6), (7), and(9), and have
83 2 assumed that the intensity of the signal light is much smaller
s S than the background, i.el=Jy,.
E é § For low background intensitiespJ,7r<<Ng) it follows
5 3 14 from Egs.(10) and(14) that
©
0 . 0 A
o E§" o1 0.2 Rv= [ ﬁwAM} [ NO] ' (19

ho, ev The lifetime of nonequilibrium carriers in the TSR is

FIG. 4. Spectral dependence of the photosensitivity of a TSR photoresistog(z"termIned by tunnellng-rad|at|ve transitions glveﬁ by
1—effective absorption coefficient for IR light in the TSR—spectral de-

_ N2
pendence of the photosensitivity. The calculations were made for a TSR~ 7R~ Ni /{GT(N0+ Po)}, (16)
photoresistor based on InSb with a long-wavelength absorption egge . . .
=25 um; the parameters of this structure were given in Ref. 9. where the rate of thermal generatiGr is determined by the
expression
2(nkTES"? S
4. By definition the current sensitivity of a photoresistor G~ 72C2h3qE Ag8XD T LT (- (17)

is Rj=1/P, whereP=7%wJA is the incident monochromatic
optical power'® According to Eq.(8), the current photosen- Substituting Eq(16) into (15), and taking into account that

sitivity of a TSR is in our casePy>Ng, we obtain
Ri=qn7K/fiw. (10 R,={(1-R) aesh wLV}/{f 0AG1)}. (18)
From Eqgs.(10) and (9) it is clear that the spectral current It is well known'>*?that in impurity and intrinsic pho-

photosensitiviyR, (7 ) = i w)/ @, where the effective ab- toresistors the voltage sensitivity is proportional to the life-
sorption of light in TSR with photon energyw<Eg (see  time and inversely proportional to the concentration of ma-
Refs. 1 and #is jority carriers, which determines the conductivity of the
B  eff photoresistor. Let us turn our attention to the nontrivial na-
er(hw)=2a(ho)(ho—E5)/qEL. 1D ture of our results. As we have already mentioned, in TSR

Here (% w) is the electroabsorption, which for the limiting Photoresistors the absorption of IR light is attributed to the

case of a superstrong electric field is interband transitions in strong electric fields and is accompa-
nied by generation of electron-hole pairs; nevertheless, ac-
a(hw)=T2(2/3) R\hog l4m, (12 cording to Eq.(15), the TSR voltage sensitivity iR, 1/n,

~ whereny=Ng/l4 is the effective concentration of minority

and R=(2u/fi%)¥4(2¢°PZ)/(M’cnw), we= (AE)**¥  carriers in the TSR, which foPy>N, depends exponen-
(2un)', p~t=mt+my, mis the free electron mass, tially, according to Eq(1), on temperature with an activation

is the velocity of light in vacuum?cl is the interband matrix energyEgﬁ. Moreover, from Eqs(15) and (18) it follows
element of the momentum operataris the refractive index that the quantityR, is independent of the lifetime and in-

of the semiconductor, and(x) is the gamma-function . Ex- creases exponentially as the temperature decreases, essen-
pression(12) is conveniently written in the formu(fw)  tially because of the decrease in the number of equilibrium

= agES Mo, whereay= a(ES". electronsN,. Thus, a TSR photoresistor can have a high
Substituting this formula and E¢11) into (9), and tak-  speed while preserving a large voltage sensitivity.

ing into account thatv.zd<1, we find from Eq(10) that the For high background intensities;, 7> N), it follows

spectral dependence of the TSR photosensitivity takes thigom Egs.(10) and(14) thatR,=V/AwJ,A, i.e., the expres-

form sion for the voltage sensitivity of a TSR photoresistor coin-

cides with the standard formula of Ref. 11 for a unipolar
photoresistor in the BLIP regime.

5. Over a wide range of frequencies, the noise in a pho-
toresistor is usually determined by fluctuations in the number
The functionR,(w) is shown in Fig. 4. In this figure, the of carriers caused by randomness of the generation-
maximum of the photosensitivity corresponds to a photornrecombination processé*? Therefore, let us consider the
energy ﬁwmaX=2ES“; this maximum is R{”axz(l—ﬁ)MK threshold characteristics of TSR photoresistors determined
X ayl2E. by generation-recombination noise. The basic parameter that

2(1-R)IMK a ES™| [ hw—EST
R|(w)=[( ) aggH © g]. (13)

E (hw)?
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characterizes properties of threshold detectors is the specific Substituting Eq(23) into Eq. (19), we find that for low
detectivity, which by definition igsee, for example, Refs. 10 background intensityl Gt> nJ,, the specific detectivity is
and 12

— D* = 5/2h o VM G+, (24)
D* =R, VAAf/V 612 (19
. . . . eff
where Af is the frequency bandwidth of the measuremenf'e"lét alsho IS deterbmlnlt(ed bEgd' <3 th i
circuit, 512=SAf is the dispersion of the noise current, and or the strong-background calseGr< 7J,, the specific

detectivity of the TSR photoresistor is determined by the
usual expressioB* = \/5/2% w /3, for specific detectivity of
intrinsic and impurity photoresistors in the BLIP reginfe.
6. Thus, we have shown that by incorporating only
awV's -~ 9’ - o6-doped layers into classical single-crystal semiconductors
ol = 2 21 oNj=r 2, oNj, (200 we can create ultra-high sensitivity photoresistors with spec-
= tral sensitivities ranging from mid- to far-IRup to 50—-100
Where5Nj=A5Nj is the fluctuation in the number of carriers um for InSb and InAs and 3—#&m for GaAs and Ge An
in the jth potential well of the TSR, which occurs as a resultadditional unique feature of the TSR photoresistor is the fact
of generation and recombination processes. that its voltage sensitivity does not depend on lifetime. In
Let us assume that fluctuations in the carrier numbers obther words, such a photoresistor can have high speed while
different potential wells of the TSR are uncorrelated, and usé@naintaining a high voltage sensitivity. This feature of TSR
the Wiener-Khinchine theorefi.From Eq.(20) we find that ~ photoresistors allows us to use them to make photodetector

S; is the spectral density of the noise.
Using Eq.(5), let us write the current fluctuation in a
TSR photoresistor as follows:

the spectral density of the noise current is line arrays with high values of the parameters for optoelec-
5 i=M tronic systems with image scanning. TSR photoresistors can
_9 E g have long photosignal accumulation times, which along with
S=3 2 SN (21) . gne h ¢ _
tr =1 a high photosensitivity makes them very promising candi-

, ) ) dates for use as elements of large-format staring arrays for
whereSy ; is the spectral density of fluctuations of the num- the mid-IR, far-IR, and ultra-far-IR regions, with the highest
ber of carriers in théth potential well of the TSR. Following possible threshold characteristics

i 6 ; . .
the Langevin methp&ﬁ we introduce random sources into 14 research described in this publication was made pos-
Eq. (4) that describe thermal-generation, photogeneratlonsime in part by award No. RE1- 287 from the U.S. Civilian

and recombination noise. In the case under study we assunig.cearch and Development Foundati@RDP for the In-
that these random sources of noise &eorrelated and write dependent States of the Former Soviet Union

the spectral densities of fluctuations of the random

noise sources connected with thermal generation, recombina-

tion, and background photogeneration 8g=S; =2Gr,

S,=2G;, respectively. Solving Eq4), which is linearized 'V. V. Osipov, A. Yu. Selyakov, and M. Foygel, Fiz. Tekh. Poluprovodn.
with respect to small fluctuations, with the random sources,% 221(1998 [Semiconductor$2, 201 (1998]. .

. . . V. V. Osipov and A. Yu. Selyakov, idbstracts from the Proceedings 3rd
introduced by_ us, we find thaF for 'frequenC|es'R<l the. All-Russia Conf. On Semiconductor Physfas Russiad, RIS FIAN,
spectral density of the fluctuations in the number of carriers Moscow (1997, p. 81.

in the jth potential well of the TSR is 3V. V. Osipov, A. Yu. Selyakov, and M. Foygel, iRroceedings of the
1997 Int. Semicond. Dev. Res. Syii@harlottesville, USA, 1997 p. 277.
v =A47T5A +G)). V. V. Osipov, A. Yu. Selyakov, and M. Foygel, Phys. Status Solidie®,
SK i é Gt GJ 22 4 i lyak d I, Ph lidi
' 223(1998.

The sum on the right side of ER1) can be transformed to  °L. N. Neustroev, V. V. Osipov, and V. A. Kholodnov, Fiz. Tekh. Polu-
=M provodn.14, 939 (1980 [Sov. Phys. Semicond.4, 553(1980].
! 2 L. N. Neustroev and V. V. Osipov, Fiz. Tekh. Poluprovodr, 1186
z SK,j=41:RAM G+ 7). (1980 [Sov. Phys. Semicond4, 701(1980].
=1 L. N. Neustroev and V. V. Osipov, Microelectroniés 99 (1980.
S . . . 8L. N. Neustroev and V. V. Osipov, Fiz. Tekh. Poluprovodr, 1068
Substituting the latter expression into Ef1), we obtain (1981 [Sov. Phys. Semicond5, 615 (1981].
— AA2K 2 9V. V. Osipov, A. Yu. Selyakov, and M. Foygel, Fiz. Tekh. Poluprovodn.
= + .
S=40°K°AMGy an) (23) 33, 13 (1999 [Semiconductor83, 10 (1999)].
From Eqs(23) and (19) it is clear that the conditions for the 19photodetectors for the IR and Visible Ban@adio | Svyaz’, Moscow,
- : . 1985 [a translation of:Optical and Infrared Detectorsedited by R. J.
BLII.3 regime of_a TSR photoresistor are determined by the Keyes(Berlin, Heidelberg, N. Y., Springer Verlag, 1980
obvious inequalityyJd,=M G+ . In other words, the tempera- 1R | petritz, Proceedings IP&7, 1458(1959.
ture for BLIP operation of a TSR, like its voltage sensitivity, *?A. A. Drugova and V. V. Osipov, Fiz. Tekh. Poluprovodh5, 2384
is determined byES", i.e., the effective width of the band 13(:98]) [dSOV-Z_P:‘KIS'_SeT“'?\;’”ds' 1384%38% 1979
. . . van der n rementMir )
gap of the TSR, which determines the long-wavelength ab- " ¥a" @67 #/€LT0ISe 1 Hieasurementsdr, Hoscow.

sorption edgé™ Translated by Frank J. Crowne
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A comparison is made of how the quantum efficiencies for photoelectric conversn R

and m— s-structures based on GaAs depend on temperature. For photon energies less

than or the same order as the width of the band gap, the temperature dependencgs—ai-the

and m—s- structures are similar. In the range of photon energies larger than the width of

the band gap, the quantum efficiencypt n- structures is temperature independent, whereas the
quantum efficiency om—s- structures exhibits a strong temperature dependence. A

qualitative explanation of this phenomenon is given. 1@99 American Institute of Physics.
[S1063-782629)02307-9

1. At this time, semiconductor devices based on GaAsThey were made by gas-phase epitaxy from metal-organic
are widely used as photodetectors. In the visible region of theompounds(MOC-hydride epitaxy at low pressure in a
spectrum, the most widely used devices are those based dworizontal reactor. The n- andp-GaAs layers were made by
p— n-structures(see, e.g., Ref.)1 while in the ultraviolet doping with donors and acceptors from silane angNip
region Schottky diodes are usemh{ s-structures (see, e.g., and had the respective thicknessies 1.6, 0.4um and car-
Ref. 2. rier concentrations1=10%cm 3, p=10%cm 2 at a tem-

In Ref. 3 we investigated how the quantum efficienciesperatureT= 300 K. Thep-Al,Ga ,As layer consisted of
for photoelectric conversion in GaAs Schottky diodes de-an optical window of thicknesd=0.05um. The Bragg re-
pend on temperature, in order to identify the photocurrenflector consisted of 12 pairs of AIAs/GaAs layers. The area
mechanism in these structures. We observed that the photof the illuminated surface was 0.1258 &nfrigure 1 shows
current increases with increasing temperature. This phenonthe spectrum of the quantum efficiency for photoelectric con-
enon was explained by the presence of imperfections in theersion (y) for these p—n-structures in the rangeév
surface layer. The combined analysis of the temperature and 1.35-3.65 eV.
field dependences of the quantum efficiency of these struc- The Schottky  diodes had the  structure
tures given in Ref. 4 led us to conclude that these imperfeca™ -GaAs(substratg-n-GaAs— Ni (Ref. 3. The n*-GaAs
tions manifest themselves only in the photoelectric propertiesubstrate had a thickness of 2@®n and was doped to an
of the structure and cannot be identified as either shallow oelectron concentration of 10" cm™3 (T=300 K), while the
deep impurity levelg§charged or not In the electric field of n-GaAs layer had a thickness ef10um and electron con-
the space- charge layer they become traps and capture pheentration of 1&°cm™2. The barrier contact was made by
toelectrons and photo-holes at the same time. We describethemical evaporation of nickel onto the epitaxialayer.
the dependence of the quantum efficiency of photoelectri@he area of illuminated surface was 0.06cnfrigure 2
conversion on temperature within the framework of an actishows the quantum efficiency spectrum for photoelectric
vation model: with increasing temperature, a portion of theconversion(y) of thesem— s-structures in the ranghv=
carriers liberated from traps contributes to the photocurrentl-5 eV.

In this paper we continue our investigations. Our goal is ~ Our subject of investigation was the temperature depen-
to compare the temperature dependences for quantum effience of the quantum efficiency fpr—n- andm—s- struc-
ciency of p—n- and m—s- photodetectors based on GaAs. tures based on GaAs in the temperature range80—-360 K
This comparison shows that when the photon endrgyis  and in the photon energy range= 1-5 eV. Our measure-
larger than the band gagE,, the photocurrent in ments were made in the short-circuit photocurrent regime,
p—n-structures based on GaAs shows no temperature dend the quantum efficiency was defined by the standard ex-
pendence. Thus, we may conclude that the photosensitiveressiony=1hv/P, wherel is the photocurrenfA), P is the
layer near thg— n- junction contains no traps for photocar- incident light flux(W), andhw is the incident photon energy
riers, whereas inm— s-structures their concentration is very (eV).

large. 3. The results of these experiments are shown in Figs. 3
2. The solar-cell elements we investigated, which wereand 4, and reduce to the following.
GaAsp—n- junctions, had the following structure: GaAs 3.1. In the range of photon energids less than the

(substratg-Bragg reflectora-GaAs- p-GaAs—-AlGaAs.  width of the band gajg (for GaAsEy=1.425and 1.5 eV at

1063-7826/99/33(7)/3/$15.00 804 © 1999 American Institute of Physics
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300 and 100 K, respectivelythe temperature dependences 3.2.In the range of photon energibs close to the band
of the quantum efficiency for p—n- and m—s-structures  gap, the low-temperature quantum efficiency increased ap-
were the same. With increasing temperature, the quantumreciably with increasing temperature for both types of struc-
efficiency increased because of a decrease in the width of theres whenE,>hv. At high temperatures, i.eE;=hv and
band gapE, and an increase in the absorption of light. Eg<hw, the quantum efficiency was nearly constant.

We note that the photosensitivity of— s-structures be- 3.3.In the range of photon energiés above the band
gins at lower photon energi¢s.33 e\) than forp—n- struc-  gap Eq, the temperature dependences of the quantum effi-
tures (1.36 eV}, which is explained by the presence of a cienciesy for p—n- andm-— s-structures are quite different.

“Fowler” segment of the photosensitivity curve fon—s- For p—n-structures, the quantum efficiengyis practi-
structures(emission of electrons from the metal and their cally temperature-independent, whereas rfor s-structures
ejection into the semiconductor the quantum efficiency increases with increasing tempera-
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FIG. 3. Temperature dependence of the quantum efficiency for photoelectric

conversion ofp— n-structures based on GaAs for several photon energies Since in Schottky diodes the Space-charge Iayer is in the

hv, eV: 1,1 — 1.36,2 — 1.42,3 — 1.54,4 — 1.77,5 — 3.00. Curve . ; : . =2

1" — right-hand scale: other curves — the left-hand scale. skin layer, this effect is especially characteristic of Schottky
diodes. Inp—n-structures the space-charge layer is deep in
the crystal, and the effect of surface traps is not large. There-

ture. At high photon energies and high temperatures, théore, the quantum efficiency is nearly independent of the

function y= y(T) has a tendency to saturate. temperature.

In the rangehv> 2.5 eV the photosensitivity of Thus,p—n-structures based on GaAs have a higher tem-
p—n-structures decreases. This decrease is attributable toperature stability thai€m—s- structures, whereas Schottky
strong absorption of light near the surface. In contrastdiodes have a higher photosensitivity in the short- wave-
m-— s-structures exhibit photosensitivity even at very highlength region of the spectrum tham-n-structures.
photon energieshv= 5 eV).

4. The main difference in the temperature dependences
of the quantum efficiencies for GaAs—n structures and !v. M. Andreev, V. V. Komin, I. V. Kochnev, V. M. Lantratov, and M. Z.
Schottky diodes lies in the fact that in the region of intrinsic Shvarts, Proceedings of the First World Conference on Photovoltaic
absorption Of the semiconductor the quantum (:."ﬁlc'ency ISZ\E(E?EyG%CI)gt\)ls:;,lOgﬁsyvlig’ni?:rﬁin%v,l?zz.i. Posse, and B. V. Tsarenkov,
temperature-independent f@r—n- structures but increases  gens. Actuators A 8, 121 (1997.
with temperature for Schottky diodes. 3Yu. A. Gol'dberg, O. V. Konstantinov, O. I. ObolenskE. A. Posse, and

We C|aim that th|S difference iS Connected with imper- B. V. Tsarenkov, Fiz. Tekh. Poluprovodﬁl, 563(1997) [ Semiconduc-
fections that always appear in the surface region of a semi, 2" 3% 473(1997].

. . Yu. A. Goldberg, O. V. Konstantinov, O. |. Obolensky, T. V. Petelina, and
conductor. In the space-charge layer, i.e., in the presence ofg A posse, J. Phys.: Condens. Ma®r(1999 [to be publishe}

an electric field, these imperfections can act as traps fofM. Z. Shvarts, O. I. Chosta, I. V. Kochnev, and V. M. Lantrat@rp-
charge carriers which are capable of capturing electrons andceedings of the Fifth European Space Power Conf. (ESASP(Za6ja-
holes. With increasing temperature, the charge carriers can?®"® 1998 p- 513

be liberated and make a contribution to the photocurrent. Translated by Frank J. Crowne
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Fabrication of discrete  p—n junctions separated by an insulating layer using direct
wafer bonding

E. G. Guk, B. G. Podlaskin, N. A. Tokranova, V. B. Voronkov, and V. A. Kozlov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted December 15, 1998; accepted for publication December 16) 1998
Fiz. Tekh. Poluprovodr33, 880—886(July 1999

Three types of fabrication cycle based on the use of direct wafer bonding are developed for
making pairs of discretp — n-junctions separated by an insulating layer. The forward and reverse
branches of the 1-V characteristics of the resulting diodes are investigated. For all three
fabrication cycles, the differential resistance of the forward branch of the digerete junctions

is ~0.01Q, the reverse breakdown is 400 V, and the width of the aperture region for the
back-to-back diodes is 0.22 V. Taken as a whole, these data, along with the high integrated
photosensitivity of the diodes, indicate that direct wafer bonding produces no oxide barrier
between thep- and n-regions and forms high-quality interfaces. 99 American Institute of
Physics[S1063-782809)02407-3

The method of direct wafer bondin@®WB) was devel- struct” three-dimensional integration schemes with active
oped for making various types of interfaces, e.g., Si—Si, Si-vertical connection between layers while preserving electri-
SiO,, etc., by creating direct covalent bonds between atomsal characteristics corresponding to single-crystal material
of the materials being bonded. This is done by compressinwithin the built-in elements.
the materials together at high temperatdfé<DWB is used As an example of the use of discrgte n- junctions, we
most often to make silicon devices on an insulating substrateurn to photodiode matrices, in particular, multielement
with electrical parameters that are characteristic of single“multiscan” photoreceivers? whose principles of operation
crystal material, the so-called SQsilicon on insulator  are based on the properties of pairs of back-to-back photo-
technology’ In this case some very unique types of inter- diodes.
faces can be created: from the joining of oxidized and unoxi-  The traditional planar technology for fabricating a mul-
dized Si films with subsequent fabrication on the latter of atiscan uses an SOI structure to isolate the back-to-back di-
device with required topology to the use of a silicon film odes of each pair from one anoth@igs. 1a and 1b The
with prefabricated structures on its surface, e.g., transistoequivalent circuit of the multiscan is shown in Fig. 1c. How-
mesas withp—n-junctions perpendicular or parallel to the ever, there are other approaches to realizing this equivalent
interface, as the second substrateé. circuit without using SOI technology, approaches that do not

The fabrication ofp—n-junctions (i.e., to form Si—Si  depend on the use a planar structure, which lead to high-
interface$ by DWB has until now involved only the bonding quality p—n-junctions with high breakdown voltage and
of pure silicon films with different conductivity types. Thus, narrow knee regions of the |-V characteristics. One possible
the authors of a number of papers have described technol6three-dimensional” realization of a back-to-back photodi-
gies for simple and rapid creation of large-area power silicorode structure, made using DWB, is shown in Fig. 2.
diode structures, created by bonding perfect single-crystal From Fig. 2 it is clear that the key technological step in
layers with prespecified electrical parameters. It has beefabricating such a structure is the creation of a “columnar”
shown that the electrical characteristics of such structures aiaterface layer consisting of discrefe— n-junctions sepa-
not inferior to those of analogous high-power semiconductorated by insulating layer&ig. 3).
devices made by the diffusion method, and that with regard The goal of this paper is to develop a basic fabrication
to breakdown uniformity over the area of the film they arecycle using direct wafer bonding that leads to the creation of
better than their traditional analog8? isolatedp — n-junctions. By repeating this cycle many times

However, when it comes to fabricating separate elements various combinations, we can create multilayer semicon-
with specific topologies, bonding has been used only to creductor structures with discrete elements incorporated into the
ate contact layers, i.,ep—p* andn—n" boundaries®'*  bulk.
although the most important task is clearly to create discrete  This technological cycle is based on two key operations:
p—n-junctions by DWB. A solution to this problem would direct wafer bonding and precision exposure, i.e., removing a
allow us not only to avoid the energy-consuming and ecojortion of the profiled silicon film until the regions separat-
logically contaminating SOI technolody,but also to im- ing the discrete— n- junctions are exposed. The first opera-
prove the parameters of traditional semiconductor devicegion imposes strict requirements on the quality of the sur-
Moreover, DWB technology opens up the possibility of faces to be bonded, and impacts all the technological
moving to a new level of complexity, allowing us to “con- operations used to obtain these surfaces prior to the bonding.

1063-7826/99/33(7)/6/$15.00 807 © 1999 American Institute of Physics
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b

FIG. 1. a—Overall view of a multiscan photodetector; b— cross section of the multiscan structure; c—equivalent circuit of the multiscan; po&sSi deno
polycrystalline silicon.

The amount of effort required to implement the second op-out columng was kept no less than 2Zm, so as to avoid
eration is dictated by the choice of a method for preciselydiffusive coupling betweenp—n-junctions of each pair
generating the profiled “columnar” layer. It is necessary towhen DWB is used to make the back-to- back diodes, but no
strictly maintain a prespecified height of the “columns,” more than 10um in order to preserve the mechanical
which form part of the diodes, not only to obtain specifiedstrength of the structure. In all cases the columns had a di-
electric parameters of these structures, but also for subseameter of 250um, with a distance between them of 5 mm.
guent DWB operation. In this case not only is the absolute  High-temperature DWB was then used to bond the pro-
value of the column height important, but also the scatter irffiled layer of silicon withp-type conductivity(on the etched
heights over the area of the film. The proposed use of in sitgide to a film of pure silicon withn-type conductivity.
fabricated diodes as cells of a multielement photodiode ma- Just before the bonding, all the films were etched in
trix makes uniformity with respect to height especially criti- hydrofluoric acid, and then subjected to a standard cycle of
cal, since such devices require small scatter in the parameteasid-peroxide washes, at the final stage of which they were
of the p—n- junctions over the entire device structure. processed in a 2% water solution of HF with subsequent
We tested several technological approaches to makingydrophilization of the surface in a solution of
structures with discretp—n- junctions separated by insulat- NH,OH: H,O,: H,O (0.05: 1:5 and then washed in deion-
ing layers in order to choose the best one. Since the structuized water with a resistivity of- 18 M -cm. The films were
we want to make is analogous to a photoreceiver, we facedlso joined together while in the deionized water, according
the problem of making an asymmetnx—n-junction. For to the method described in Ref. 14, which obviated the need
this two films were used, with carrier concentrations thatfor a dust-free atmosphere, and then subjected to preliminary
differed by five orders of magnitudéoth were industrial- thermal processing to remove moisture and to bond the films.
grade mirror-polished films: a low-resistance film with The high-temperature thermal processing of the joined pairs
p-type conductivity(100) orientation, diameter 60 mm, and was carried out in air at 1200 °C for one hour without apply-
thickness 35Qum, and a high-resistance KEF-7.5 film with ing external pressure.
n-type conductivity,{100) orientation, diameter 60 mm, and In order to study the electrical parameters of the result-
thickness 50Qum). ing structures, we made ohmic contagtsthen-type silicon
The surface profiling was done on the films wigttype by chemical nickel plating, to the-type silicon by brazed-in
conductivity. In order to comply with our ultimate structural deposited aluminum

design(Fig. 2), the height of the profiled laygthe etched- The type-I fabrication cycle specified etching-out of col-
n p-Si $i0,
n-Si /
p-Si interface interface
n-Si n-Si
n+

FIG. 3. Basic structure, including an interface layer consisting of discrete
FIG. 2. One type of possible realization of a multiscan using DWB. p—n-junctions separated by insulating Si@yers.
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umns with height 1Qum on a low-resistance film gf-type
silicon (KDB-0.005). After the growth operation, a portion

a
. . L S N
of the profiled film was removed by precision grinding and
polishing of the silicon until the region separating the p-Si
b

p—n-junctions was exposed.

In the type-Il cycle, we decided to replace the techni-
cally most difficult operation of polishing with etching down
to a stop. n-5t

Using the dependence of the etch rate for silicon on the
concentration of doping impurities is common practice in Nl *\\\L AN
semiconductor  technology, especially in making E.st
membrane$® Thus, for example, in Ref. 16 an etching
method, which makes use of a stop layer consisting of ¢ c
boron-diffused layer with concentration10?°cm ™3, is de-
scribed. Because the diffusion front is with high accuracy n-Si 510
parallel to the film surface, the authors were able to obtair 2

uniform layers of silicon with thicknesses of a few microns. Nt e\ ek "\'\

interface

interface

In the type-Il cycle, in order to use the stop-layer etching p-St
technique we needed layers ptype silicon with an initial
boron concentration of 10'°cm ™2 (KDB-1). First, columns q
were formed in these layers with a height of L@, fol-
lowed by oxidation and photolithography. Boron was then n-5i
diffused into them at 1250 °C in air for one hour, from a -
polymer source deposited on the surfdagith a high boron ~— SIS [ w }?ﬂ = interface
concentration, generating a surface impurity concentration ¢ Sig, p-St
~10% cm 3. At the end of the anneal, the diffusion layer
was buried at a deptk;~ 10um. FIG. 4. Fabrication cycle | for making discrefie- n-junctions separated by

an insulating layer using DWB. a—creation of a profimlumng on an

However, there are some problem with bonding SIIICOninitial industrially polished film ofp-type silicon using photolithography

films containing diffusion layers with high levels of doping it chemical etching; b—high-temperatute250 °C for 1 hour direct wa-

by shallow impurities, because the diffusion degrades theer bonding of the first filmion the etched sideto a pure polished silicon
quality of the surface of the silicon films. The authors of Ref.film; c— oxidation in dry oxygen at 1100 °C for 1 hour with subsequent
oxidation in water vapor at 1250 °C for 4 hours in order to form the required

18 demonstrated that direct wafer bonding of films with a. ; ) ) gy o .
insulating layer; d— mechanical grinding and subsequent precision polish-

diffgsed p- or n-layer made in an oxidizing .r?ned_ium an_d ing in order to remove most of the silicqrlayer until the cavities separat-
having a high surface concentration of impurities is possibleng discretep— n-junctions are exposed.

if after the diffusion the films are oxidized with subsequent

removal of the oxide. However, since its use results in sur-

face boron concentrations that do not exceetfd® 3, this  structure from thep-silicon film, the structure was subjected

method cannot solve our problem. Since for us what is imto processing in a hot KOH- isopropanol+ water etch,

portant is not so much the concentration of boron in the skirwhose action ceased when theegion was reachetf.

layer that forms during growth of the interface as its value at  In our third fabrication cycle, we used Si@s the stop

a depth of~10um, we investgated the possibility of remov- layer for the operation of precision polishing. To this end,

ing the defective surface layer by polishing. columns were fabricated on an originatype silicon layer
The authors of Ref. 19 attempted to bond silicon films(KDB-0.005 by etching, whose height was 2m, and the

with p* —n-junctions at a depth of 10@m after Ga diffu- spacings between them were overgrown by a thermal oxide

sion(in an inert atmospheyer combined diffusion of B and with thickness 1.8um. The oxide was then etched away

Al (in air). After diffusion, these films were subjected to from the columns themselves after photolithography.

chemical-mechanical polishing, because their surfaces wei@hemical-mechanical polishing, after removing the silicon

eroded. The authors found that they could bond only thosé/ing on top of the oxide, was stopped by the oxide layer.

films previously subjected to Ga diffusion. Polishing the sur-The isolatedp— n-junctions were then exposed by prelimi-

face after boron diffusion with aluminum revealed micro- nary mechanical polishing, with a final precision polishing

roughness which prevented bonding of the film. Obviously,down to the oxide stop layer.

the reason why the microroughness was preserved was the Figures 4-6 illustrate schematically the three different

chemical-mechanical character of the polishing used, whiclfiabrication cycles for making discrefe— n-junctions sepa-

is accompanied by unavoidable selective etching along deated by insulating layers with the help of DWB.

fects. For this reason, we used only mechanical polishing of Infrared photometry is a standard method for monitoring

the profiled surfaces of our films, removinglum of the the continuity of bonding® In our case, however, this

surface strongly boron-doped layer as a result of this operanethod could give only rough results due to the high con-

tion. centration of shallow impurities in th@-silicon, which
After DWB and a preliminary removal of 200m of the  causes intense absorption in the IR region. However, the
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FIG. 6. Fabrication cycle Ill for making discrefe— n-junctions separated

by an insulating layer using DWB. a—creation of a profitelumng on an
industrially polished p-type silicon layer using photolithography with nitial industrially polished film ofp-type silicon using photolithography
chemical etching; b—diffusion of boron directly into the columns after pre- With chemical etching; b—oxidation in dry oxygen at 1100 °C in order to fil
liminary oxidation and photolithography at 1250 °C for 1 hour; c—high- the gaps between columns with a thermal oxide having a thickness of 1.8

temperaturg1250 °C for 1 hour direct wafer bonding of the first filpon ~ ~#M; c—removal of oxide from the columns; d—chemical-mechanical pol-
the etched sideof a pure polished silicon film; d—oxidation in dry oxygen ishing which removes the silicon protruding above the oxide and the remain-

at 1100 °C for 1 hour with subsequent oxidation in water vapor at 1250 °cind layer of oxide; e—high-temperatut&250 °C for 1 hour direct waf_er.
for 4 hours in order to create the required insulating layer: e—preliminaryPonding of the first layefon the etched sideo a pure polished silicon film;

removal of 200um of the p-silicon layer by mechanical polishing and ~—€xposure of the—n junctions by preliminary mechanical grinding com-
subsequent etching of thelayer down to its stop layer in order to expose Pléted by precision polishing down to the oxide stop layer.
the cavities separating the discrete n junctions.

FIG. 5. Fabrication cycle Il for making discrepe- n-junctions separated by
isolating layers using DWB. a—creation of a profimlumng on an initial

bonding of surfaces can be used after mechanical polishing.
grinding and polishing operations used to remove the layelt seems to us that further experiments with the grain size of
of p-silicon, by creating strong shear loads at the interfacethe polishing paste and with polishing regimes should allow
allowed us to estimate its mechanical strength and therebys to increase the high-quality area.
the quality of the bonding. In the course of grinding all the It is also noteworthy that exposure of the profiled surface
samples, and also when the structures were polished in falpy etching with a stop layetcycle IllI) ensured the most
rication cycles | and IIl or etched in cycle II, partial destruc- uniform column height= 0.3 um), whereas the scatter in
tion of the unbonded columns took place. Cycle | had theheights generated by cycles | and Il wetel.5 and+0.8
smallest areda~ 15%) occupied by damaged regions, while um, respectively.
in the two other cycles the area of the defective regions was The most important conclusions about the quality of the
as large as~ 40-45%. Because a characteristic feature ofp— n-junctions obtained during these growth processes were
the fabrication process in these latter cyclsand Ill) is  arrived at by studying the forwardFig. 7) and reverse
polishing of thep-type silicon from the profiled side before branches of the current-voltage characteristics of the result-
the DWB operation, we can assume that our use of polishinghg diodes. For all three basic fabrication cycles, the differ-
lowered the quality of the surface over a considerable part oéntial resistance of the forward branch of the best
the silicon film. However, the results obtained after usingp—n-junctions was~0.01 (), indicating high growth qual-
fabrication cycle 2 are of interest in their own right, in thatity. As for the reverse branch of the current-voltage charac-
we have demonstrated for the first time that direct wafeteristics, the leakage current did not exceedd at a re-
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and comes to I8T/q. Assuming an ideap— n-junction, the
FIG. 7. Forward branch of the current-voltage—(U) characteristics of Computed value of the total width of the aperture at a tem-
discret_ep—_n—junctions separated by an insulating layg+3 corresponds perature of 300 K comes to 0.21 V, which nea”y coincides
to fabrication types I-Ill. . . . .
with the experimental values we obtained for all the fabrica-
tion types, indicating strongly that thp—n-junctions we
fabricated are “ideal.”
verse bias of 130 V, and the breakdown voltage had a value During operation, a multiscan made using SOI technol-
of ~ 400 V for all three variants. However, the number of ogy has a spatial value of the aperture~-e400 um, deter-
suchp—n-junctions without an oxide barrier between fre  mined largely by the value of its applied voltage, here 10 V.
andn-regions was different for the different cycles. Thus, inIn contrast, the high breakdown voltage of our devices
the first cycle, the number gf— n-junctions with such char- allows us to operate at values of the applied voltage above
acteristics was around 60%, in the second around 30%, antb0 V, which can lower the spatial value of the aperture to
in the third around 20%. 40 pum or less.

For back-to-back diodes used as elementary cells in pho-  Furthermore, the discretp—n-junctions separated by
todiode matrices and multiscans, which have unipolar 1-Vinsulating layer that we have fabricated are distinguished by
characteristics, an important figure of merit is the width ofhigh photosensitivity, indicating the absence of oxide barri-
the transition region of the |-V characteristic between theers between thp- andn- regions, and a low dark currefat
two regions of current saturatigithe aperturg In the aper- 30 V the dark current did not exceed®0 8 A for all the
ture region the photodiodes switch from the shorted state taycleg. The measured integrated photosensitivity for fabri-
the open state and conversely. The main property of thigation cycles | and Il was 0.3 A/W, while for variant Il it
portion of the |-V characteristics is the width of the transi-was 0.25 A/W.
tion interval, which in multiscan operation determines the  Thus, by estimating the electrical characteristics of iso-
spatial width of the transition zone within which the photo- lated diodes made by our processes, we have confirmed the
current of thep— n-junctions changes sigit. The width of  effectiveness of DWB in  making  high-quality
the aperture in the |-V characteristics of a diode-diode cell ip—n-junctions in all three fabrication cycles. However, in
the most important parameter, since it determines such chachoosing a fabrication cycle we must take into account that
acteristics of the photodetector as its spatial resolution in theycle | is the simplest, that it contains the lowest number of
scanning regime, coordinates sensitivity in the positioningoperations, and that it yields the highest percentage of
regime, and others. When an optical signal falls in the “ap-bonded diode structures for the lowest height uniformity of
erture zone” of the photodetector layers of the device, ahe profiled layer. This cycle can be effectively used when
decrease in the conversion of the optical signal to electrigtrict uniformity of the parameters is not required. For prob-
current is observed. The possibility of narrowing the aperturdems where the requirements on uniformity of the profiled
depends above all on the possibility of applying a sufficientlylayer are strict, we recommend fabrication cycle I, whereas
high voltage to thg —n-junction, since the working aperture cycle Ill will find application only for solving a restricted set
of the multiscan decreases its spatial value with increasingf problems requiring complete filling of the volume within
applied voltage. the bonded structure by a Sitayer.
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The problem of polarization switching of light from a vertical cavity surface emitting laser
(VCSEL) is discussed. It is shown that heating of holes inpkgpe distributed Bragg reflector

and of electrons and holes in the quantum wells of the active region lead to switching of

the polarization of the VCSEL. The model developed here makes it possible to explain the results
of experiments on switching of the polarization of VCSELSs at fixed active region

temperatures. €1999 American Institute of PhysidsS1063-782809)02507-1

INTRODUCTION Our goal in this paper is to show that heating of elec-
trons and holes relative to the lattice in the active and passive
The polarization characteristics of light from vertical regions of a VSCEL can lead to rapid switching of the po-
cavity surface emitting laset¥ CSEL’s) differs significantly  larization of the VSCEL emission. We will also show that
from the corresponding characteristics of “end- fire” semi- wavelength selectivity of the losses due to absorption by free
conductor lasers:® This is attributable to the cylindrical carriers and holes in the Bragg reflector can be important in
symmetry of the VCSEL geometry, in which the directions determining the polarization of VSCEL light. A qualitative
of the light and the carrier injection are both perpendicular tacomparison of the model developed here with the results of
the plane of the active layer and directed along the axis oéxperiments involving rapid switching of the polarization of
cylindrical symmetry. VSCEL light with the active region held at constant
Usually, VCSEL's are grown on a substraterefGaAs  temperaturéshows that our mechanism could be responsible
with (100) orientation, i.e., the emission and carrier injectionfor the polarization switching observed in Ref. 8.
are directed along one of the culjit00] axes. Nevertheless,
it has been shown experimentally that proton-implante
VSCEL’s (Fig. 1) generate linearly polarized light. The di- dl SELECTIVITY OF LOSSES IN VSCELS
rection of polarization of this light in th€L00) plane usually The polarization of VSCEL light depends on the gain
coincides with one of the equivalent crystallographic direc-ratio (g; andg,) for the two orthogonal polarizations and on
tions[110] or[110]. It has also been shown that for injected the loss ratio &; and ) for these polarizations. The terms
currents above threshold by 10-50 @ie., in the range ~9ain” and “loss” are understood to mean mode gain and
where the fundamental Gaussian transverse mode fdhas mode loss. This distinction is relevant because differences in
initial polarization of the light can switch to the orthogonal
direction. The frequencies of light in the orthogonal polar-
izations1 and?2 differ by a small amountf= 1-40 GHz.
The corresponding difference in wavelength of the two or-
thogonal polarizations is associated with birefringence in the
resonator of the VSCEL, which is caused by stresses anc

strains unintentionally introduced during the fabrication p-DBR
process, and (or) the electrooptic effect associated with in-

ternal electric fields in the VSCELWhen birefringence is W
present, the refraction indiceg andn,, for the two orthogo- QWs

nal polarizations are slightly different. Thus, light with

two different polarizations and slightly different wavelengths #-DPBR
(A1 and \,) can in principle be generated in the VSCEL
resonator.

Current analyses of the polarization properties of
VSCEL'’s assume that while current injection pulses pass
through the VSCEL, the temperatures of holes and electrons m
in the passive and active regions coincide with the lattice i BC
temperature. It is also assumed that the gain in the VSCEL is !

Wavelength SeI.ECti.Ve' while losses are n.Ot §eleptive, in W.hiclh—lIG. 1. Schematic diagram of a quantum well VSCH:DBR, n-DBR
case the polarization of the VSCEL emission is determinedienote the distributed Bragg reflectors; QW the quantum wells in the active
only by the gain selectivity. region; IR are the implanted regions; tc, bc are the top and bottom contacts.

e
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the field distributions of modes with different polarizations then the VSCEL will emit light that is predominantly polar-
(and slightly different wavelengths; and\,) in the plane ized with polarizationl.

of the active layer can in certain cases turn out to affect the Let us consider the situation shown in Fig. 2, where the
polarization properties of a VSCEL significanfiy.In what  losses in the VSCEL are determined by free-carrier absorp-
follows, however, we assume that in our case the differencéon. Let the emission line be located at the low-energy
in field distribution of these modes in the plane of the active(long-wavelengthedge of the gain line shape. In this case, it
layer does not significantly affect the polarization propertieds obvious that inequality1) is always satisfied, and that
of the VSCEL, i.e., we will ignore it. It is also known that light is generated with polarizatioB. We now assume that
the difference in reflectivity of modes with two orthogonal the emission line is located at the high-enershort-
polarizations by multilayer semiconductor Bragg reflectorswavelength edge of the gain line shape. In this case both
in which absorption is absent can be ignored. Thus, we wilinequality (1) (light generated with polarizatio®) and in-
assume that the behavior of the gamsandg, in the ma-  equality (2) (light generated with polarizatioh) can be sat-
terial of the active layer and the loss coefficients for light isfied.

and «, in the passive portion of the VSCEL determines its For hw< Eé (polarization determined by the Urbach
polarization properties. rule) emission with polarizationd or 2 can be generated

Figure 2a shows schematically the dependence of theshen the emission line is located at the low-enefigng-
gain on photon energg(f ) for the active region of a wavelength edge of the gain line shape. In principle this can
heterojunction laser. Suppose that the losses of the VSCEhappen when the Bragg reflector is strongly heated.
are independent of photon energy. In this case the polariza- In proton-implanted VSCELSFig. 1) free-carrier ab-
tion of the light(1 or 2) will be determined by the position of sorption is an important factor in thetype, and even more
the emission line¢w, and%z w, with respect to the maxi- so in thep-type, distributed Bragg reflectors. We assume that
mum of the gain line shapg(%w). If the gain line shape it is only the optical losses in thp-type distributed Bragg
shifts with respect to energy, due to a shift in the band edgeeflector that are important, and we will discuss only thém.
brought on by changes in the temperature of the active rein this case we also assume that the absorption due to free
gion as the injection current changes, the polarization of the
VSCEL can switch to the orthogonal directin.

Figure 2b shows schematically the dependence of th-
losses on photon energy;(% ) when light is absorbed in
the passive part of a heterojunction laser arEjf(Eé)
>hw, whereEy and Eé are the band gap widths in the active
region and the very narrow-gap regions located in the pas
sive portions of the heterojunction laser, respectively. Whet
ho< Eé, a|(hw) is determined by free-carrier absorption of
the light, which decreases with increasihg. For iw<E
the absorption increases exponentiallyhasapproachefé
(the Urbach rulg Let the absorption of light occur primarily
in the Bragg reflectors of the VSCEL. In this case the optica
loss functiona, (% ) due to the decrease in reflection coef-
ficient from the reflectors as the absorption in them increase
will schematically have the same form as shown in Fig. 2k
[see Eq.(4) of this papel. Taking into account the depen-
dence ¢|(hw), a steady-state oscillation regime with pre-
dominantly polarizatior? will occur if the following condi-
tion holds whenGy= «q:

Gain, arb. units

daq

G, G; J>_ a2 dG

app 9, ap’ d(hw)

f
fiog

@

Losses, arb. units

where G=(al/lL)g, a is the thickness of the active region,

andL is the effective thickness of the VSCEL resonator. The
energyfw, , of the emitted photons is determined by the
resonator parameters and is constant for a given VSCEL
Conversely, if the reverse inequalities hold:

FIG. 2. Schematic plots of the gaia) and loss(b) versus photon energy.
Two possible situations are shown: the oscillator line, is located at the
! low-energy edge of the gain line shape and the oscillatoriliag is located
hag at the high-energy edge of the gain line shape, corresponding to different
(2) dependences of the loss on photon energy.

daq

G2<G1 J2 app dG -
wm e )

r , -
app o g1 a1 d(hw)
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and 15. These expressions simplify when the number of lay-

30r ers is large. It can be shown that when the absorption in the
reflector layers is not too large, i.eaA<<1 and aA<|n,g
a5r —nygl, in the many-layer approximation the dependence of
the magnitude of the reflection on the absorption for the case
20+ of absorption by free holes is determined by the expre$sion
Ay 2 2
st Rwl—wam:l—Kam, 4
N 2n0(nng_ nwg)
0r wheren,,4 andn,q are the refractive indices of the wide-gap
and narrow-gap layers of the interference reflector, @i
S the refractive index of the resonator material. Assuming that
the deviations from unity of the reflection for the and
0 L L L ! i ! p-type distributed Bragg reflectors is determined primarily
1.05 1.1 115 7.2 725 13 1.35

by the magnitudes of the absorption in them, and assuming
that the absorption in the-type distributed Bragg reflector

FIG. 3. Experimental dependences of the absorption coefficieptGdAs equals zero, we have the followmg expression when

hw, eV

(p~1.5x 10 cm~2) on photon energy at various lattice temperatiifes: Rp=1:
1 — 295,2 — 318,3 — 346,4 — 370. 5—calculated functiona(fw) 1 1 1 K
constructed using Eq3).
a;=—In ~—(1-Ry)~ —ay3. 5

holes in thep-AlGaAs does not depend on the Al content of Equation(5) can be used when the composition of the Bragg
the AlGaAs, because the structure of the AlGaAs valencéeflectors is chosen in such a way thai,<E4 even for the

band does not depend on Al content. narrow-gap layer of the reflector. In this case
We could not find data in the literature on the absorption da B 3 1 1
- <E/’ - — -
of p-GaAs forfi w<E, at temperatures above room tempera dGiw) a(hw,T) T 2hw—A + ol (6)

ture. Our experimental results for the dependences of the
absorption on photon energy(% w) in p-GaAs with carrier  For an AlGaAs/AlAs distributed Bragg reflector, the deriva-
concentrationsp=(1-2)x10%cm 2 at various tempera- tive da,/d(%w) is nearly temperature-independent.
tures are shown in Fig. 3. A dependence analogous to E8) for the optical losses
At energiesfiw< 1.3 eV, at room temperature and can occur in VSCELs with contacts within the resonator
above the absorption for holes is determined by transitiongintercavity-contacted VSCEDL¥ in the strongly doped con-
from the heavy-hole subband 1 to the split-off hole subbandact layer.
3. In this case, the absorption coefficients is determined Near the gain maximum, the quantiti, /d(%# ) can
by the occupancy of states in the heavy-hole band by holegasily exceed the value diG/d(% w), and thus selectivity of
from which direct transitions to the split-off subband takethe losses will significantly affect the polarization properties
placel'? With increasing photon energy, the energy ofof the VSCEL. Thus, for example, the authors of Ref. 9
these states increases and the absorption coefficient corrghowed that the initial polarization of light from a proton-
spondingly decreases to photon energies where interbanchplanted VSCEL oscillating at the high-enerdghort-
transitions become important. wavelength edge of the gain line shape is determined not
Using expressions for the absorptian,; associated with  only by the thermal-lens mechanism but also by the loss-
transitions from the heavy-hole subband to the split-offselectivity mechanism with respect to photon energy. If in-
subband"!? and the exponential dependence of the absorpereasing the injection current leads to heating of the Bragg
tion near the absorption edge () (the Urbach rulg we can  reflector and the active region, the behavior of the VSCEL
approximate experimental dependences very well by the exgolarization can be derived from Eq4), (2), and(6), and

pression(Fig. 3 from the results of Ref. 9 if the thermal lens effect is impor-
A [hw—A]? fio—A tant
a=a13+aU=% T exp—B KT
2. CARRIER HEATING IN A VSCEL
ho—Ey4(T) . . . ) .
+Cex DT 3 Here we will consider only the most interesting situa-

tion, where switching of the optical polarization is connected
for values of the coefficientsA= 1.85 eV/cm andB with inertia-free local heating of holes and electrons in the
=0.096, whereA= 0.34 eV. The functiorEy(T) for GaAs  active region and the-layers of the VSCEL without corre-
was taken from Ref. 13. sponding heating of the crystal lattice when injection current
In order to determine the reflection coefficients of theflows through the latter. Such a mechanism can be efficient
Bragg reflectors when absorption of light in them is takenbecause the heat capacity of a hole gag)(and electron gas
into account, we can use the expressions given in Refs. 14C,,) with concentrations of order 1¥cm™3 is five orders of
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magnitude smaller than the heat capacity of the crystal IatticdeiereTgW is the temperature of the hot carriers in the quan-
(C)). Therefore, heating of holes and electrons can greatlyum well, TCQW is the temperature of the cold carriers in the
exceed the lattice heating i€ /7, C,/7,)<C,/7, where  quantum well, and the term “cold’ applied to carriers im-
.~10 25 is the relaxation time for the temperature of theplies that their temperature equals the lattice temperature. In
overall bulk of heated carriers due to emission of opticalthis case the gain line shape returns essentailly to its previous
phonons, andr, is the smaller of the two times: the relax- position.
ation time for temperature of the crystal lattice or the dura-  As the holes in the-type distributed Bragg reflector are
tion of the injection pulse. heated, their temperature increaseé’@,@R, and the absorp-
The heating of electrons and holes relative to the lattic&ion in thep-type distributed Bragg reflector increases, which
is local. An important question is: what is the ratio of the leads to a further increase in the concentration of hot carriers
temperature change for hot carriers in figype distributed in the quantum well such that the conditi@(% w,, Tgw,
Bragg reflector to that for hot carriers in the quantum weIISng):m(hwo, Ther) is satisfied.
of the active layer? A lower bound on the heating of carriers ~ The increased carrier concentration in the active region
relative to the lattice temperatuteT=T—T, (WwhereTy is  leads to a decrease in the width of the band gap by an
the lattice temperatuyecan be estimated from the energy amount®
balance equation, assuming the holes are nondegenerate.
For thg guantum wells of the active layer, AEg[eV]~—0.032eV]

Aj(AE/g) o y (p?gw[cm*31>1’3—(paw[cm*])m_
dowPow 10°[em 1]

whereAj is the increment in the density of pulsed injection As will be clear from our subsequent discussion, at high
current, which heats the carriers relative to the lattitee  levels of injection carrier heating in the VSCEL causes the
maximum value of Ajna5kA/lcn?); AE~AE.+AE, maximum of the gain line shape to shift towards lower en-
~0.25 eV is theenergy imparted to a carrier pair relaxing ergies.

from the quantum well barriers with the effective mass of  For the gain of the material in the active regignwe
thermalized carrief$ (AE, and AE, are heights of these have®

barriers in the conduction and valence bands, respectjvely _
Pow~10"cm™2 is the variable concentration of holes in the 9(h Tow,Pow) = @qu @) fa(En, Tow.Now)
quantum well during heating; ard,,~ 80 A is the width +fo(Ep. Tow:Pow) — 11, (10

of the quantum well layer. In writing Ed7), we took into . . - .
account that the heat capacity of a strongly degenerate ele@’—here aQW(ﬁ_w) Is the absorption _coeff|C|ent (.)f the act|ve_
egion material at those concentrations of carriers where fill-

tron gas is a few times smaller than the heat capacity of A . .
strongly degenerate hole gas. ing of band states can be ignored but the Coulomb interac-

I tion between electrons and holes is screened,
For thep-type distributed Bragg reflector we have f(En TowNow) and fo(Ey Tow.Pow) are distribution
Aj-v functions for electrons and holes in the active region of the
EKATDBRN dper- Posr Trs (8) laser when an injected current flows, agd andE, are the
energies of electrons and holes between which optical tran-
sitions take place at the photon energy,.
We assume that optical transitions in the quantum well
obey the selection rule with respect to wave vectbe k
g 5 , 1o selection rule; see Ref. 1,8and that these transitions take
modulation-doped? and 7; ~3x 10" *?s is the temperature place only between quantum-well subbands with the same
relaxation time for holes with concentrations greater tharhuantum numbersn,=n,, where the labels and » denote
10*°cm 2 which accumulate near the heterojunction barriers espectively, the conduction band and the valence bam’j
of the distributed Bragg reflector. _ this case, in the neighborhood of the absorption edge for
For a current densﬂ%l ~5 kA/c the heatingATow optical transitions between states with=n,=1 we see that
~ 5 KandATpgr~20K.” Assume that effective heating of aow(fiw) begins to increase linearly, and then saturates

electrons and hOIG,S takes place in the quantum wglls ,Of thﬁ:ig. 4) at the energy where transitions between states with
VCSEL active region above the threshold for oscillations., Z, —» /e possible. The range of energies for which
Y .

Carrier hgatinglleads to a decrease in the distance be_twe%ﬁQW(ﬁw) increases is determined by homogeneous broaden-
the quasi-Fermi levelsH, and F,). In this case the gain

o i ing of the absorption line. The functiofg,(% ») shown in
0(hw) decreases. In order to maintain the gain at energ

- Yiig. 4 is close to that calculated in Ref. 18 for a typical
hwo equal to the losses3,=a) as the temperature of the guantum well in the active region of the heterojunction laser.
carriers in the quantum well changes, the concentration o

) ) h i At high injection levels, which were realized experimen-
hot carriers in the quantum Welhng Pow) Must increase tally in Ref. 8,f,~1, df, /d(hw)~0 near the maximum of
relative to the concentration of “cold” carriersnfy,

c k - the gain. Therefore, we have
=pow) by an amount determined from the condition
g(hw!TQW!pQW)~aQW(hw)fp[B,(hw_Eg)aTQWapQV\E]vl
1

3
SkATqw~ 9

where V is the voltage drop across thetype distributed
Bragg reflector(maximum valueV,~ 5 V), dpgr: Pper
~2x10"cm™? is the total density of holes for all the layers
of the distributed Bragg reflector which s

G(fwg, Tow. Piw) = G(fiwg, TS . Pow)-
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FIG. 4. a—Dependence of the absorption coefficientzianin a typical
quantum well active region of a heterojunction laser in the absence of in -0.008
jection. b—the corresponding dependence of the gaifi@nl—low heat-
ing of injected carriers relative to the latti¢eold carriery; 2—hot carriers
injected into the active regiom Tqw= 10 K, ATpgr=40 K. fiwg; andfi wq, -0.07 L L L L
are the two possible positions of the oscillator line near the maximum of the 0 z 4 6 8 0
gain i w,y for the case of cold carriers. ATQW ) K

FIG. 5. Dependence of the concentration of heated car@mndAE (b)
, 1- 1Eo on the magnitude of carrier heating in the quantum wa&lT §,) and in the
hog ™ B aQW(ﬁwO) kT ' p-type distributed Bragg reflecto\(Tpgg). 1— including heating of holes
w (12) in the p-type distributed Bragg reflectoe—disregarding it. In the entire
range of temperature variation the condit@( wg) = (L/a) (% wg) holds
where fy= fp[B' (hwg— Eg),TQW,pQW]; the quantity B’ due to increases in the carrier concentration in the quantum wells.

~0.1 is determined by the ratio of effective masses of elec-
trons and holes.

As for the functionagw(% @) shown in Fig. 4, at high
concentrations of cold carriers in the quantum welt)(the

maximum ofg(#% w) is located in the transition region where . e !
9( ©) . . g . reflector. As the absorption curve shiftsig. 5), the magni-
agw(f ) switches over from linear increase to saturation.

The carrier heating in the quantum well and in fhype tude of the ,derlvatlve{daQW/d(ﬁw)]|ﬁwo .decreases muF:h
distributed Bragg reflectofdenoted byAToy and ATpgg faster tharB -agqw(1—fo)/KT up to energies corresponding
respectively gives rise to a considerable shift XE, and a the region wherexgy(% w) saturates. Therefore, as the
corresponding shift in the absorption curdgy(fw) to- carrier tem_per_ature increases in the VSCEL, the magnitude
wards lower energies. Figure 5 shows the dependence of tff the derivative[dG/d(7w)]1.,= (a/L)[dg/d(h ®) ] 1w,
concentration of hot carriers in the quantum well, anl; ~ changes as shown in Fig. 6 for the initiabEy=0,
on carrier heating in the quantum welAToy) and heating ATow=0) position of Zwg. In this initial position
of holes in thep-type distributed Bragg reflecton\Tpgr),  [AG/d(hw)][4., is positive, because the oscillation line is
which increase simultaneoushATpgr superlinearly with  located in the low-energy wing of the gain line shape and
increasing injection current. By definition, the condition generates light with polarizatidh[see Eqgs(1) and Fig.(2)].
0(hwg)=(L/a) ¢ (hwgy) is satisfied in the entire range of As the carriers are heated, the derivativdlecreases because
temperature variation due to increasing concentration of camf the shift in the maximum of the gain line shape towards
riers in the quantum well. It is clear from Fig. 5 that heatinglower energies together with the shift of the absorption edge.
of holes in thep-type distributed Bragg reflector is impor- When ATqy=AT)y, the maximum of the gain line shape

dg

m|ﬁw0~ 0

d(fw)

tant, and that the shiftE,) can reach values on the order
of 10 meV for 10 K heating of carriers in the quantum well
and 40 K heating of holes in the-type distributed Bragg
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AT K mum of the gain line shape towards lower energies, which
b . . .
, 56 o DBR 6.5 28.6 w0 leads to a decrease in the value of the derivative
15 T T T - [dG/d(f’Lw)]|ﬁwO for ATow=0 and ATg<ATg, ie,
switching of the polarization takes place at lower injection
currents.

3. The process of polarization switching in a VSCEL,
according to Ref. 8, takes place in the range where the de-
pendence of the radiated power on injection current satu-
rates. This indicates an increase in losses with increasing
injection current. Just such an increase in losses with increas-
ing injection current is predicted by the mechanism for
VSCEL polarization switching proposed in this paper.

The polarization properties of VSCELs we have de-
scribed are based on natural polarization anisotropy. In Ref.
21 it was shown that artificially created polarization anisot-
ropy in the absorptior{losg of a VSCEL connected with
anisotropy of the electroabsorption due to the Franz—
Keldysh effect, can control the VSCEL polarization.
| . Both in proton-implanted VSCELs angspecially in
170 VSCELs with contacts within the resonat8rabsorption by

Taw & free holes can bring about strong anisotropy. In fact, the

probability of transitions between subbands of heavy holes
FIG. 6. Functions that clarify the mechanism of VSCEL polarization and the split-off subband is proportional tO%{'EE)k), wheree
switching when carriers are heated in a quantum viel—dg/d(% w) for is the unit vector for the optical polarization, akds a unit

oscillator linesf wq; andzwg, respectively(see Fig. 4 3—schematic de- t inti | th t f holes in the h
pendence I(/a)[da,/d(hw)]. ATg and ATg, are the temperatures at Vector pointing along the wave vector of holes In the heavy-

which the polarization switches, measured relative to the temperature of thB0le subband? By applying a strong electric fiel& to the
active region. p-type semiconductor, we can create anisotropy in the hole

distribution with a preferred directiokl| E, which leads to a
strong polarization anisotropy in the absorption. Experimen-
. . . tally, this effect was observed irGe (Ref. 22.
coincides with: wo. Wh_en_ATQW:ATS' even at the high- Thus, if the electric field in the plane of the contact layer
energy edge of the gain line shape, whed&/d(7 w)]|1w,  causes anisotropy, absorption by free carriers will be larger
=[da;/d(fw)]|4., the polarization will switch. Polariza- for radiation withel E and the VSCEL will generate light
tion 2 switches to polarizatiod with the change in photon with €|E.® By changing the direction of the electric field we
energyh w,—hw, (hw,>hwq). In principle, with this type  can change polarization of the VSCEL light.
of shift in the absorption edge aridv, located at energies
corrgspondmg to th_e saturation regloncegw(ﬁg)),_further_ CONCLUSIONS
heating of the carriers can cause the polarization of light
from the VSCEL to switch back. We have constructed a model of the polarization switch-
We argue that this is the mechanism responsible for théng of light from a quantum-well VSCEL at constant tem-
rapid polarization switching of VSCEL'’s observed at con-perature of the active region. We have shown that at large
stant temperature of the active layer. injection levels heating of carriers in the quantum wells, and
1. Martin—Regaladet al® reported that when the pulsed especially holes in thp-type distributed Bragg reflector, can
injection current was increased, the initial polarization oflead to a considerable shift in the gain maximum towards
light switched to the orthogonal direction with a change inlower energies. This shift occurs if the initial positiécold
photon energyfw,—hw, (hw,>hw,). We describe this carrierg of the gain maximum is located near the region
switching in the present paper. Note that in the model of Refwhere the absorption of the quantum well laser saturates in
4, which was used to describe fast polarization switching othe absence of injection. This shift in the gain maximum
a VSCEL, the opposite transition should take place when théowards longer wavelengths causes switching of VSCEL po-
temperature of the active region is held constabity; larization when carriers are heated by the current in the
—hw, (hwy,>haor).° VSCEL. The model developed here allows us to adequately
2. In Ref. 8 the authors reported that as the temperaturexplain the results of experiments on VSCEL polarization
of the active region increased as a result of the constargwitching when the active region temperature is held
injection current and corresponding shift in the position ofconstant
the oscillator line on the gain line shape, the difference be- The authors are deeply grateful to L. V. Asryan, S. A.
tween values of the pulsed current necessary to switch th@urevich, and G. G. Zerga for reading this article before it
polarization decreased along with the threshold current. Thisvas sent to the printer, and for making a number of useful
is in fact the dependence implied by our model, since incomments. The authors are also grateful to R. A. Suris for
creasing the temperature of the active region shifts the maxidseful discussions.

=]

|
(S,

{dg/dthan; (L/w)de, fdhwll}, 10°om ™ ey~

1
-
=3
=

<
o
st
o
(&



Semiconductors 33 (7), July 1999 B. S. Ryvkin and A. M. Georgievski 819

YThe AlGaAs and AlAs layers of a distributed Bragg reflector are doped to ®A. K. Jansen van Doorn, M. P. van Exter, and J. P. Woerdman, Appl.
a level ofp~n>10®cm 2 in order to decrease their electrical resistance. Phys. Lett.69, 1041(1996.
At such high levels of doping the absorption of light by free carriers at “M. P. van Exter, A. K. Jansen van Doorn, and J. P. Woerdman, Phys. Rev.
room temperature can be quite large. However, the cross section for ab-A 56, 845(1997.
sorption of light by electrons in the AlAs layers of thetype distributed 8J. Martin-Regalado, J. L. A. Chilla, J. J. Rocca, and P. Brusenbach, Appl.

Bragg reflector is small, because the effective mass of electramé\iAs Phys. Lett.70, 3350(1997).
is large. On the other hand, in order to obtain a low resistance for both®K. Panajotov, B. Ryvkin, J. Danckaert, M. Peeters, H. Thienpont, and
distributed Bragg reflectors, the level of doping for the layers ofptiygpoe I. Veretennicoff, IEEE Photon. Technol. Left0, 6 (1998.

distributed Bragg reflector must be higher than for the layersAlGaAs 0w, G. Spitzer and J. M. Whelan, Phys. Ré&d4, 59 (1959.

(with a low percentage of Alin the n-type distributed Bragg reflector. We 'A. H. Kahn, Phys. Rev97, 1647 (1955.

also note that in layers af-AlGaAs with a small Al percentage, in the *?0. Christensen, Phys. Rev. B 1426(1973.

range 0.9-2.Qum, the absorption by electrons is in fact independent of **M. Levinshtein and S. Rumyantsedandbook on Semiconductor Param-

photon energy? eters (World Scientific, Singapore— NewJersey—London—Hong Kong,
dsaturation of the watt-ampere characteristics of a VSOEhen the tem- 1998, Ch. 4.2.1, p. 79.

perature of the active region is held constant indicates an increase in théM. A. Kaliteevski and A. V. Kavokin, Fiz. Tverd. Tel&St. Petersburg

losses, due primarily to carrier heating in the quantum wells. Thus, esti- 37, 2721(1995 [Phys. Solid Stat&7, 1497(1995].

mate(7) is an overestimate of the value AfTq,,. The increase A Tqy 15T, E. Sale,Vertical Cavity Surface Emitting Lasers. Wiley & Sons,

in turn leads to the somewhat larger valuespgfy and AE, shown in 1995.

Fig. 5. 16M. H. MacDougal, P. D. Dapkus, A. E. Bond, C. K. Lin, and J. Geske,
3We note that a possible Franz—Keldysh effect in the plane of the contact IEEE J. Selected Topics Quant. Electr@n905(1997).

layer of the VSCEL will facilitate the generation of light withl E.?* v, D. Pishchalko and V. I. Tolstikhin, Fiz. Tverd. Telaeningrad 24,

462 (1990 [Sov. Phys. Solid Stat24, 288(1990].
18, A. Coldren and S. W. Corzindiode Lasers and Photonic Integrated
Circuits (J. Wiley & Sons, 1995
'A. K. Jansen van Doorn, M. P. van Exter, and J. P. Woerdman, Appl1°R. F. Kazarinov, Fiz. Tekh. Poluprovodh. 763(1973 [Sov. Phys. Semi-

Phys. Lett.69, 1041(1996. cond.7, 525(1973].
2K. D. Choquette, D. A. Richie, and R. E. Leibenguth, Appl. Phys. 6. 20T Erneux, J. Danckaert, K. Panajotov, and I. Veretennicoff, Phys. Rev. A
2062(1994). _ 59 (6) (1999.
3K. D. Choguette, K. L. Lear, R. E. Liebenguth, and M. T. Asom, Appl. 21g_ Ryvkin, K. Panajotov, J. Danckaert, H. Thienpont, and I. Veretenni-
Phys. Lett.64, 2767(1994. coff, SPIE Int. Conf. on Optics in Computing '9@ruges, Belgium,
4J. Martin-Regalado, F. Prati, M. San Miguel, and N. B. Abraham, IEEE J. 1998, post-deadline paper P 87.

Quantum ElectronQE-33, 765(1997). 22R. Bray and W. E. Pinson, Phys. Rev. L, 268 (1963.

SA. Valle, L. Pesquera, and K. S. Shore, IEEE Photon. Technol. Bett.
557 (1997). Translated by Frank J. Crowne



	707_1.pdf
	710_1.pdf
	712_1.pdf
	716_1.pdf
	719_1.pdf
	726_1.pdf
	728_1.pdf
	731_1.pdf
	736_1.pdf
	740_1.pdf
	744_1.pdf
	749_1.pdf
	757_1.pdf
	761_1.pdf
	765_1.pdf
	771_1.pdf
	779_1.pdf
	782_1.pdf
	788_1.pdf
	792_1.pdf
	795_1.pdf
	799_1.pdf
	804_1.pdf
	807_1.pdf
	813_1.pdf

