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Galvanomagnetic phenomena and photoconductivity in broken-gap type-ll GalpAs3ls/
heterojunctions with different levels of doping of the solid solution with dofi@) or acceptor

(Zn) impurities have been investigated. It has been determined that in such structures an
electronic channel, which determines the galvanomagnetic effects in a wide range of doping levels,
is present at the heterojunction. A sharp decrease of the Hall mobility was observed in the
experimental heterostructures with a high level of doping of the epitaxial layer with an acceptor
impurity. The observed effect is due to exhaustion of the electronic channel as a result of

carrier localization in potential wells at the heterojunction. 1897 American Institute of Physics.
[S1063-782807)00108-7

Quaternary solid solutions in the system Ga—In—As—Stwith electron densityn=5X 107 cm™2 in quantities up to
are of great interest for optoelectronic devi¢lesers—3and  0.001 at. % and in pure form above 0.001 at.% was used as
photodiode$®) in the spectral range 2—&m, which is im-  the donor impurity.
portant for problems of gas analysis and environmental The epitaxial layers ranged in thickness from 1.8 to 2.3
protection® The present work is a continuation of our seriesum. The mismatch with the substrate was equal to
of investigations of the electric and photoelectric propertiesta/a<+4x 10 4 at T=300 K. Rectangular samples for in-
of the solid solutions GalnAsSb and heterojunctions baseglestigating the galvanomagnetic effects were cut from the
on epitaxial layers lattice-matched to GaSb and InAsepitaxial structures. Six indium contactsvo current and
substrate$:?® four potential were deposited on the surface of the Galn-

We observed a high carrier mobilityu,;=65000 AsSb epitaxial layers. In:Te alloy contacts were deposited on
cn?/(V-s) at T=77 K (Ref. 9 in the isotypic isolated het- the n-type solid-solution layers and In:Zn contacts were de-
erostructurep-Ga, gilng 17ASy 225k 7dp-INAs with undoped  posited on thep-type layers. A compensation probe method
layers of the solid solution, and we determined that an elecwas used to measure the voltage dip on the potential
tronic channel exists at the heterojunction on the narrow-gaprobes and the Hall em¥%, in the temperature range
material side® In Ref. 11 we determined the band diagram T= 77— 200 K in magnetic fields up to 16 kOe with a current
of a p-Ga gdng17ASy 2.5k 7dp-INAs  heterojunction and <100 uA (in the region where Ohm's law holddowing
showed that such a heterojunction is a broken-gap type-tihrough the sample. The electrical conductivity, and the
heterojunction. Hall coefficient Ry per unit area and the Hall mobility

The parameters of the self-consistent quantum wellsp,=Ryo5 were calculated from these data. Investigations
which are formed at the heterojunction in broken-gap type-llof the photoconductivity were conducted on an IKS-12 spec-
heterojunctions, and the properties of the electronic channeétometer using NaCl and LiF prisms and a synchronous-
should depend to a large degree on the doping level of itdetection system. A constant electric field with a voltage not
constituent semiconductors. For this reason, we consideredéixceeding 510 V/cm was applied along the heterojunction.
important to study the effect of doping of the wide-gap solidThe signal obtained in a light-modulated flux from a globar
solution p-Ga& gdNg 17ASp 255k, 7dp-INAs (Eq=630 meV at  was recorded.

T=77 K) with donor(Te) and acceptofZn) impurities on The main parameters of the experimental samples are
the magnetotransport and optical properties of isolateghresented in Table I. The sign of the Hall voltage for all

GalnAsSbp-InAs heterostructures with a solid solution of experimental samples always indicated electronic conductiv-
the p as well asn type. ity, irrespective of the type and quantity of dopant introduced

The solid-solution layers were grown on semi-insulatinginto the melt with Te and Zn concentrations up to 0.01 at. %
p-InAs (100 substrates f=10® cm 3, ¢=0.1 Q! and 0.008 at. %, respectively. At the same time, the sign of
.cm ! at T=77 K) by liquid-phase epitaxy. To grow the the current carriers according to the thermo-emf measured
epitaxial layers, a fluxed solution was prepared from purewith a thermal probe on the solid-solution side indicated hole
components [(09.99999% and SI§99.9999% and from un-  conductivity in all samples except the strongly tellurium-
doped weighed portions of GaSb and InAs with carrier dendoped samplegsamples 3 and)7 This result attests to the
sity p=5x10'® cm 2 andn=2x10'® cm™3, respectively. fact that the conductivity of the GalnAs$bihAs hetero-

To dope the epitaxial layers with acceptor impurities, zincstructures with different levels of doping of the solid solution
was added to the fluxed solution in quantities up to 0.0lwith donor and acceptor impurities, just as in heterostruc-
at. %, and tellurium in the form of the compoundsaSh:Te tures with an undoped solid solution, is determined mainly
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TABLE I.

Impurity introduced Sign of current carriers Ry, 108 cn?/C y, 108 cn?i(V-s)
Type of  Concentration, According to thermo- According to Hall

Sample No.  impurity at. % emf in the solid solution emf in the structure H=kOe H=10kOe H=2kOe H=10 kOe
1 - - p n 45 43 65.0 64.0
2 Te 1x10™4 p n 4.45 3.85 57.4 55.0
3 Te 2x10°* p n 4.0 3.35 52.8 44.8
4 Te 4x10°4 p n 4.1 3.0 46.6 345
5 Te 1xX10°3 p n 3.25 1.6 45.0 18.6
6 Te 5.8¢10°3 n n 0.19 0.1 11.4 6.2
7 Te 1.2x10°? n n 0.1 0.05 11.8 5.6
8 Zn 3x10°°3 p n 4.9 3.35 49.0 33.3
9 Zn 4x10°3 p n 2.7 2.4 24.4 19.8

10 Zn 8x10°3 p n 0.27 0.03 2.1 0.21

by the conductivity of the electronic channel on the As one can see in Fig. 2, the mobility in GalnAsfgb/
heterojunctiort® The Hall mobility, observed in heterostruc- InAs heterostructures starts to decrease at locations where a
tures with solid-solution layers lightly doped with dorf@e  transition ton-type conductivity is observed in the Te-doped
<0.001 at. % and accepto(Zn <0.004 at.% impurities  solid solution(the Fermi level lies in the conduction band
(samples 2-5, 8, and 9 in Tablg temain just as high as in and in the case of Zn doping this occurs at locations where
heterostructures with undoped solid-solution layeample the hole gas becomes degenerdbe Fermi level lies in the

1). A decrease of the mobility was observed with highervalence band

levels of Te and Zn doping of the solid solution. The energy  In GalnAsSbp-InAs heterostructures with a heavily
structures of the systems GalnAsiiiAs for lightly and  doped solid solution, the mobility and Hall coefficient were
strongly tellurium- and zinc-doped solid solutions are shown
schematically in Fig. 1.

Figures 2a and 2tsolid lineg display the dependence of
the Hall mobility on the amount of impurity introduced into
the melt for GalnAsSIptinAs heterostructures. The mobility
remains nearly constant for heterostructures with lightly
doped solid-solution layer§e<0.001%, Zn<0.004 at. %.

For a substantial level of tellurium doping of the solid solu-
tion (Te >0.001 at. %, the absolute value of the Hall mo-
bility decreases by a factor of 4—-5 ta,,=10000 crd/
(V-s) at H=2 kOe. A sharp drop in the Hall mobility is
observed with heavy doping with zifZn >0.004 at. %:
The Hall mobility drops by more than an order of magnitude E A
(to 2000 cm/V/s atH =2 kOe, as compared with its values

in heterostructures with undoped solid-solution layers. The E
figure also showsdashed linesfor comparison the mobility ¢z
versus the impurity density for solid solutions with the same £yt

composition but grown on GaSb substrates. A stepped P
type-ll junction, whose boundary does not contain an elec-
tronic channel, is observed in such structufeShe mea-
sured mobility for such heterostructures characterizes the
properties of the epitaxial layer of the GalnAsSb solid solu-
tion. The initial undoped samples of the solid solution Galn-
AsSb possesseg-type conductivity with hole density
p=10'® cm2and mobility up;=2000 cnf/(V-s). Tellurium
doping of the solid solution resulted in overcompensation of £
the acceptors, and for Te concentratior0.001 at. % the E
material becamen-type with mobility u,=4000-5000

cn?/(V-s). When the solid solution was doped with zinc, the

acceptor concentration increased and the mobility dropped as £yt
a result of an increase in the scattering by impurity ions, and

at high zinc concentration&n >0.004 at. % the mobility FIG. 1. Energy diagrams of a Gajng L ASy .Sty .Jp-InAs structure for

remained_conStarﬁWH =200 cnf/(V-9)], indicating that the solid solutions a — Undopegdb — heavily doped with zincc — heavily
hole gas is degenerat?. doped with tellurium.

GalnAsSh InAs
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FIG. 2. Electron and hole Hall mobilitie,aﬁ‘) and ;L,(f), respectively, versus the doping level of the solid solut@n— with tellurium b — with zinc,
T=77 K. Solid lines — GalnAsSbfInAs, dashed lines — GalnAsSh.

found to depend strongly on the magnetic field intensity; thevalues of the mobilityw~5000 cnf/(V - s) become compa-
dependence is different for Te- and Zn-doped sam(des

rable to the mobility of the epitaxial layer of the solid solu-
Table ). Figure 3 shows the values of the Hall coefficient tion (see Fig. 3a This attests to the fact that in samples with

Ry as a function of the magnetic field intensity in the 3 heavily Te-doped epitaxial layer two types of current car-
GalnAsSbp-InAs structures with different levels of doping yiers are involved in conduction — high-mobility electrons
of the solid solution. In samples with undoped and lightly.

()~ . i i i

Te- and Zn- doped solid-solution laydsamples 1-3 and)8 in the _channel[,uH 1900.0 cri/(V-5)], which IS. mant

- ; fested in weak magnetic fields, and electrons with a lower
the Hall coefficient remains nearly constant as the magnetic™ = (n e ) T
field intensity increases. In the case of strong doping with TENOPIlity [x;”~5000 cnt/(V- s)] in the epitaxial layer of the
(samples 6 and)7the Hall coefficient for low values off ~ Solid solution. o _ _
decreases with increasing magnetic field, andHor5 kOe In the case of a heavily zinc-doped solid solution Galn-
it no longer depends on the magnetic field intensity. TheAsSb (Zn concentration>0.005 at. %, sample 1Ghe de-
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) 5 10-1_ samples doped with telluriunia) and
- s zinc (b). The numbers on the curves cor-
k‘ ‘l respond to the numbers of the samples in
\\\’ <8 Table I.
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the position of the conduction-band bottom of the GalnAsSb
w0t solid solution andeg is the Fermi level, electrons are excited
from the electronic channel and are transferred into the wide-
gap layer, where their mobility is much lower. As a result of
/\3 electron transfer into the wide-gap GalnAsSb semiconductor
layer, the conductivity of the layer increases and the total
k- photoconductivity is determined by the expression

Ao=—euni+euyq(Ans+Anyg),

where u,q and u; are the electron mobility in the channel
6 and in the GalnAsSb layeAn,  is the illumination-induced
change in the electron density in the channel, Ang is the
change occurring in the electron density in the wide gap
layer of the solid solution for photon ener@y correspond-

a ing to interband transitions in the wide gap GalnAsSb layer.
] RSN TN VUN TOT T | Depending on the ratios of the contributions from both terms
04 0.6 08 10 in this expression, either an increase or a decrease in the

hy, eV photoconductivity signal, right up to the appearance of nega-
o tive photoconductivity(NPC), can be observed. Since NPC
FIG. 4. Spectral dependences of the photoconductivity in Gainfsi8s ¢ pysarved in sample 3 in the entire experimental spectral
structures with a different level of tellurium doping of the solid solution. . . . .
The numbers on the curves correspond to the numbers of the samples ﬁHteréﬂ hy>0.66 eV, it can be assumed that recombination
Table I. processes in the electronic channel make the determining
contribution to the photoconductivity of the sample. We note
that NPC due to the presence of two types of electrons with
crease inRy is so large that the sign of the Hall coefficient d|fferept mqbﬂg%/ has been obser\{ed before in C}aAIA;/GgAs
was found to change for certain values of the magnetic ﬁe@eterqunctmn ) The result; obtained from an investigation
of the photoelectric properties of broken-gap GalnAsSb/InAs

(H~15 kOe). This field dependence &, in the entire heterojunctions supplement the data from galvanomagnetic
doping interval of the solid-solution layers is also character- ! PP 9 9

istic of the simultaneous participation in the conductivity of Investigations and are in agreement with our notion that a

the heterostructure of two types of current carriers, Whicrﬂ'egshgp?hbe”'g(sleerfrggglglC:;g?iﬁ:;ﬂ?iaffeas the proper-

differ not only in mobility but also in sign. The hole-type . . . .
y y 9 yp In summary, our investigation of electronic transport in

conductivity is due, in our opinion, not to a strong increase in :
the conductivity of the epitaxial layer, where the mobility is G_alnAspr—InAs heterosfcructure_s has established that when
very low [200 cm(V-9)], but rather to a decrease in the wu:)e-gap GaInAlsSb splldhsolutllqns% are growa phnnAs .

mobility in the electronic channel. Apparently, the drop in ;gnsgr?(tjetsﬁ:r:;ﬁaicr:;?r:grﬁaﬁgn; '; v?irdmeerait L %f ?gsg?éugfc'
the mobility in the case of strong zinc doping could be due tod . f1h itaxial | ith both don6F 9 q i
the depletion of the electronic channel as a result of the lo- oping ot the epitaxial layer with bo ong ?) andaccep
calization of mobile carriers in the wells of the potential well tor (Zn) impurities. It was shown that in an |sola}ted
at the heterojunctiolf Gay gdNng 17ASp 225k 7¢p-INAS  heterostructure with a high

The presence of an electronic channel at the broken-gaﬁvel of doping of the solid solution with a donor impurity,

heterojunction and of two types of electrons with differentOﬁﬁg;ggggﬁ”ﬁgﬂiﬁ?(;itts taree :;2r?l:zgtifr:a;rﬁgn:'ﬁ:g;?
mobilities in GalnAsShg-InAs structures should also be ) P

manifested in the photoelectric properties. Figure 4 showgayer' The sharp mobility drop occurring with heavy doping

the spectral dependences of the photoconductivit)g]c atqu?k;[ergaryl ‘:‘.o lid sfotlrt:tmnl W'tth an ar::cepttl)r Itnlﬁunyt]y tls
Ao=f(hv) atT=77 K for two samples which differs in the ue 1o the depletion of the electronic channel at the heter-

tellurium-doping level of the solid solution. Aa one can Seeoboundary as a result of carrier localization in the potential

from Fig. 4, the photoresponse pattern depends strongly Owells at the heteroboundary and the mutual compensating

the doping level. For light tellurium doping of the GalnAsSh effe&[[ oftﬁleclzrzns'\/lan'\jl hOIEﬁ in ]:[hehheltefrcluémctlon_|tself. d
epitaxial layer(sample 3 we observe, together with a posi- e thank AA. . vionakhov or heIpiul discussions an

tive photoconductivity, the appearance of a negative photo\-/aluable remarks. This work was supported, in part, by the
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The morphological characteristics of an ensemble of nanosize objects InGaAs/GaAs on the
singular and vicinal GaA400) surfaces have been investigated by means of scanning tunneling
microscopy. Different modifications of molecular-beam epitaxy were used to produce the
nanostructures. It was determined that both the growth kinetics and a deliberate disorientation of
the surface strongly affect surface morphology. 1897 American Institute of Physics.
[S1063-78267)00208-1

INTRODUCTION (vicinal sampley in the EP 1203 system. The method of
The study of self-organization is one of the main direc—pre.ngt.h chemical prepgratiop of the plate surfaces is de-
tions in modern fundamental and applied surface physicss.'q'b?d m_Ref. 17 . To investigate the effect of supstrate
For example, nanostructure formation as a result of Selfglsorlentatlon on surface morphology we glued the singular
' nd vicinal samples, with the aid of indium, on the same

organization of semiconductor surfaces is now under activ?n vbdenum holder in a manner © red © & mini
investigation'™® Self-organization of nanostructures on MOYPGENUM NOICEr In a manner so as to reduce to a mini-

semiconductor surfaces during heteroepitaxial growth ifnum the nonuniformity of the temperatu_re field of the heater
lattice-mismatched systems is due to the relaxation of elastig‘at:ffatshthe s%mgl)le and the flux grgdlenr':s at thehsuLface.
stresses in the volume and on the surface. Quantum dots artw)d er tbe oxide fayer was r(irgogei ngoto(e: grovvt cham-
quantum wires, in which charge-carrier motion is limited inﬂer at su strateh_telz'nperatukﬂ)'%f; 1| n an bAﬁh
three or two directions, exhibit unique optical properfiés, "OW: & 0.25um-thick GaAs buffer layer was grown by the

and they open up ways to develop a new generation of ops_tandard molecular-beam epitaxy method while maintaining
toelectronic deviced® The observation of ultranarrow e (2x4) surface reconstruction an@ls=550 °C. '(F)?Ge
cathodoluminescence lines indicates unequivocally an ele®uffer layer was doped with beryllium to a densityl

tronic density of states with a delta-function-like spectfum. CMT° SO as to make sure that the tunneling current is trapped.
The progress made in the theory of nanostructure! N€N the surface was investigated by scanning tunneling mi-

formationl%!! the observation of ordering of quantum-size ¢"0SCOPY-

formations on surfaces in the InGaAs/GaAs sysfethand After a buffer Iayer was grown, the temperature of the
the possibility of “adjusting,” by varying the technological S@MPle in the arsenic flow was decreasedde470 °C[the
conditions of growtH{substrate temperature, growth rate, and™oment at which the (24) surface reconstruction was
flux ratio) in the molecular-beam epitaxyBE) method® 4 changed tqc(4><4)]. Th_e arsenic pressure in 'Fhe _growth
the characteristic dimensions of nanostructures as well as tf&amber with the arsenic shutter open was maintained con-
disorientation of the substrate surfdd&;*6promise produc- Stant at a level of #10°° Pa in all experiments.

tion of quantum-size structures with prescribed geometric 1he IGa _As layers were grown in submonolayer ep-
properties. An additional parameter that can be used to cortexial growth regimes. The time dependences of the posi-
trol nanostructure sizes is variation of the growth modedions of the shutters of the In, Ga, and As molecular sources
(submonolayer MBE and atomic-layerwise MB®r grow- &€ shown schematically in Fig. 1. The folkzgvmg growth
ing layers that undergo a phase transition during Stronskiodes were used: submonolayer MBEMBE)™ (Fig. 1a
Krastanov growth. In the present study we investigated byo" [MAs and Fig. 1b for 'QGaing_S)’ submonolayer
scanning tunneling microscop¢STM) the morphological ~Migration-stimulated epitaxSMSB™ (Fig. 1c for InAs and
characteristics of an ensemble of InGaAs/GaAs quanturfid- 1d for InGa _,As), atomic-layerwise ~MBE

dots, obtained on singular and vicinal G&&80) surfaces by (ALMBE)* (Fig. 18, and(on combinations of these modes.
different modifications of the MBE method. In each case three monolaydidLs) of either indium ars-

enide or the solid solution |Ga, _,As were deposited. After
completion of growth, the heater heating the sample was
immediately removed from the sample-holder zone.

Growth experiments were conducted on GEAX) sub- The state of the surface was monitor@d situ by
strates(singular samplésand GaA$100 substrates, whose RHEED. The RHEED system included a high-sensitivity
surface was disoriented by 3° and 7° in {i#d1] direction  video camera, a VCR for recording the dynamics of the

1. EXPERIMENT
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time

time

FIG. 1. Time dependences of the shutter positions for SMBE I@\&and
InGaAs (b), SMSE InAs(c) and InGaAs(d) and ALMBE (e). Shading
corresponds to an open-shutter state and no shading corresponds to a close

shutter state.

As

In

video camera with the VCR and the computer, and software
making it possible to analyze the RHEED patterns in
real-time?! The GaAs and InAs growth rates were gauged by
measuring the oscillations of the intensity of the mirror re-
flection in the RHEED pattern. The GaAs and InAs growth
rates in the course of the experiments were constant and
equal to 0.5 and 0.1 monolayers per second, respectively.

The surface morphology of the samples was investigated
ex situwith a scanning tunneling microscope; the measure-
ment procedures and conditions are described in Refs. 13
and 16 . Reproducible and stable STM images were ob-
tained from different sections of the experimental samples.
To conduct prolonged STM measurements, the samples were
placed in vacuum oil to protect the surface from oxidation in
air. Such shielding made it possible to obtain reproducible
STM images in the course of one month after the samples
were removed from the vacuum chamber.

2. RESULTS AND DISCUSSION

The experimental samples, enumerated according to
their technological parameters and their basic geometric
characteristics, are presented in Table I.

The STM images for samples 1 and 2
(In,Ga _,As, SMBE and SMSE technologieare shown in
Figs. 2a and 2b, respectively. One can see from the figure
that different growth methods yield qualitatively different
surface morphology. Both relatively large-(5 nm and
small (~6 nm) quantum dots, which are not clearly sepa-
rated(i.e., the islands are partially mergedre observed in
the case of SMBE. In the case of SMSE growth the quantum
dots are separated laterally, they are characterized by a high
surface density, and their size dispersion is relatively small.

Figure 3 shows STM images for samples 3-5, respec-
tively (InAs, SMSE growth. As the RHEED data show, as a
result of the large lattice mismatch, quantum dots in our case
form with a thinner deposited layer than for samples 1 and 2.
The presence of well-separated, isotropically-arranged quan-
tum dots is characteristic of the singular surfa€ég. 33.
ch_edominantly isotropic distribution is also characteristic of
the vicinal surfaces, but as the disorientation angle increases,
their density increases, while the lateral dimensions remain
the same or decrea¢Eig. 3b and 3¢

RHEED patterns during growth, a computer for processing  Previous investigations showed that growth kinetics, in-
the recorded information, and an interface for coupling thecluding that at the initial stage, strongly influences surface

TABLE I. List of experimental samples and their technological parameters and geometric characteristics.

Lateral Surface density,

Sample No. Growth mode Vicinality dimensions, nm cm 2 Composition
1 SMBE No 6-15 - 196Gy 3AS
2 SMSE No 10 1510 INg.66G . 3AS
3 SMSE No 18 1.x10% InAs
4 SMSE 3° 19 0.x10% InAs
5 SMSE 7° 10 1.x101 InAs
6 MBE+SMBE No - - InAs
7 MBE+SMBE 3° - - InAs
8 MBE+SMBE 7° 14 1.410 InAs
9 ALMBE +SMBE 3° - - InAs

10 ALMBE+SMBE 7° - - InAs
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FIG. 2. STM images of sections of a surface after deposition of three
Ing 66Ga 3AS monolayers on GaA$00 by SMBE (a) and SMSE(b). The
scanning area is 400 nixt 400 nm for both cases. The edges of the images
are parallel to th¢011] and[011] directions.

morphology. To investigate the effect of the growth modes
on the surface morphology, we varied the growth procedure
at the initial stage, i.e., during the formation of the first 1.5
InAs monolayers. The traditional MBE and atomic-layerwise
MBE were used. The remaining 1.5 monolayers were depos-
ited with the SMBE mode. Figure 4 shows the STM images
for samples 6-8, respectively. For the singular and slightly
disoriented sample, a mesoscopic structure with a low den-
sity of quantum dots is observed on the surface. As the dis-
orientation angle increases, an ensemble of quantum dots
arranged in a primitive two-dimensional lattice with vectors _ _ N
along the[001 and 010] irections is formed. When the 0 3, STM me8e o sestons oL uriec g depostionof e i
ALMBE method is used at the initial stage, merging of quan-gisorientationc — 7° disorientation. The scan area is 600 mT500 nm for
tum dots into conglomerates is observed on the vicinahll cases. The edges of the images are parallel t§ah& and[011] direc-
samples(Figs. 5a and 5b, samples 9 and 10, respectjyely tions.
regardless of the degree of surface disorientation.

Our results attest to a strong effect of growth kinetics
and surface disorientation on the morphology of InGaAsfences the resulting surface morphology. According to our
GaAs (100 layers. Previous results concerning the dependata, SMSE methods give an ensemble of quantum dots with
dence of the structural and optical properties of quantuma higher density and a smaller lateral-size dispersion than
well structures in the MBE method on the pressure of thewith other technologies. This effect can apparently be ex-
group-V componerif confirm that the growth kinetics influ- plained by a more rapid accumulation of stress in the hetero-
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FIG. 5. STM images of sections of a surface after deposition of three InAs
monolayers on GaA%00) by ALMBE + SMBE. a — 3°disorientation, b

— 7¢° disorientation. The scan area is 900 wm900 nm for all cases. The
edges of the images are parallel to f6¢1] and[011] directions.

-lll elements. The effect of the vicinality of the surface on
the morphology of the nanostructures is attributable to the
additional mechanism of relaxation of elastic stresses as a
result of the presence of a collection of monomolecular steps
on the surface. In individual cases, their high density can
result in a qualitative change in the surface morphology as
compared with a singular or slightly disoriented surface, es-
pecially in the case of a “thicker” pseudomorphous layer
(Fig. 4a-4g.

In summary, we have investigated some submonolayer

FIG. 4. STM images of sections of a surface after deposition of three InAdechnological methods for producing self-organized en-

monolayers on GaA%00) by MBE + SMBE a — Singular surface,
b — 3° disorientationc — 7° disorientation. The scan area is 900 nm
900 nm for all cases. The edges of the images are parallel {®1ig and
[011] directions.

sembles of quantum dots in the heteroepitaxial system
InGaAs/GaAs. Our results show unequivocally that the ki-
netic parameters influence the structural properties of
quantum-well formations. The disorientation of the surface
also influences the surface morphology, which changes the

structure, sufficient for the layer to break up into three-growth mechanisms in certain cases.

dimensional formations under the action of elastic stresses. This work was supported, in part, by the Russian Fund

This in turn accounts for the fact that the thickness of thefor Fundamental Research under grant No. 95-02-05084-a,
pseudomorphic layer is less than the thickness obtained witthe INTAS fund under Grant No. 94-1028, and the Scientific

other methods of simultaneous deposition of group-V andProgram “Physics of solid-state nanostructures.”
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Two sources of excitation of photoluminescence of porous silicon

N. E. Korsunskaya, T. V. Torchinskaya,® B. R. Dzhumaeyv, L. Yu. Khomenkova,
and B. M. Bulakh

Institute of Semiconductor Physics National Academy of Sciences, 252650 Kiev, Ukraine
(Submitted August 7, 1996; accepted for publication November 14,)1996
Fiz. Tekh. Poluprovodr31, 908—911(August 1997

The change occurring in the photoluminescence spectra and the photoluminescence excitation
spectra during aging of porous-silicon samples in air and in vacuum has been investigated.

It was found that the character of the photoluminescence changes occurring during aging depends
on the wavelength of the exciting light: In the case of excitation in the visible-range band of

the luminescence excitation spectruin.{>>490 nm) the photoluminescence decreases and in the
case of excitation in the ultraviolet band it predominantly increases. It is shown that the two

bands of the luminescence excitation spectiuisible and ultravioletcorrespond to two different
objects on the surface of the porous layer. 1897 American Institute of Physics.
[S1063-782607)00308-9

It is well knowrt that the photoluminescen¢BL) inten-  were employed did not appreciably influence the rate of
sity and spectrum of as-grown samples of porous sili®  change of the PL intensity. As one can see from the figure,
change in timgaging process Investigation of this process the position of the PL-band maximum lies in the range 650—
evidently can yield useful information about an, as yet, un-720 nm and, as a rule, the position in the case of excitation
resolved question concerning the nature of the luminescendsy light from the lamp is different from the position in the
of porous silicon. case of laser excitation.

There are a number of studies on aging procesgds The luminescence excitation spect{laES) consist of
these studies, the PL intensity/), as a rule, was observed to two componers — a visible component, which consists of a
decrease. This decrease was attributed either to the desoggtructural maximum in the region 400-550 nm, whose posi-
tion of hydrogen or SiH, SiH,, and SiH complexe$®’orto  tion can vary somewhat from sample to sample, and an ul-
oxidation? It was explained by two factors. One factor is an traviolet (UV) component, which is represented by a section
increase in the density of fast recombination centelen-  of increasing intensity in the region 400—-350 r{Fig. 2.
gling silicon bonds, which form on desorptiohand the sec-  The position of the PL-band maximum depends on the wave-
ond factor is destruction of the luminescing material on thelength of the exciting light. As the latter wavelength de-
surface of silicon filaments, whose components are the degreases, the PL-band maxima shifts to shorter wavelengths,
orbing complexe$. It has also been reported that the PL jn agreement with the data in Fig. 1.
intensity increases with time.° It should be noted that the PL-intensity ratio between

In the present paper we show that the character of the)v and visible range excitation can vary from sample to
change occurring in the PL intensity during aging dependsample, and that it depends on the conditions under which
on the wavelength of the exciting light. On the basis of anthey are obtained. For example, for an etch curtgpt 20
investigation of the PL spectra, the luminescence excitatiomA/cn? there is virtually no excitation of visible-range PL.
spectraLES), and the changes occurring in the spectrawhen  The LES undergo transformation during aging: For suf-
the PS samples are exposed to air or held in vacuum it iiciently long aging times, the intensity of the visible band
concluded that there exist two different ObjeCtS with Wh|Ch(pr|mar||y its |0ng_Wave|ength Winpdecreases Substantia”y
the excitation of the PL of porous silicon is associated. and the intensity of the ultraviolet wing increasgsg. 2).
Accordingly, the PL intensity decreases during aging in the
case of long-wavelength excitation\ {,=>490 nm and it
varies nonmonotonically for excitation at shorter wave-

The experimental samples were prepared by anodic etchiengths: The decreasing intensity is followed by its increase
ing of p-Si plates p=5—10 € -cm) in an alcohol solution (Fig. 3). Figure 4 shows curves of the relative changes in the
of HF with current densitiesl{,) of 50 and 200 mA/crh PL intensity[ (W,—W,)/W,] versus the wavelength of the
The process of aging of the samples prepared in identicatxciting light at different stages of the aging process. Evi-
etch regimes was conducted at room temperature either in aflently, the amplitude of the decrease in the PL intensity at
or in vacuum (108 Torr). The PL was excited by light from first increases with increasing wavelength of the exciting
a xenon lamp through a MDR-23 monochromator or lightlight and then stops changin@or \e¢>490 nm). This is
from a nitrogen laserNgy= 337 nm). most clearly seen at the initial stage of aging, when the PL

The typical PL spectra of as-grown samples measurethtensity predominantly decreases. The amplitude of the in-
with excitation by light from the xenon lamp\(,.=490 nm)  crease in the PL intensity increases\ag shifts in the short-
and by light from the nitrogen laser, are shown in Fig. 1. Wewavelength direction. Fok .,.=337 nm the decrease in the
note that the intensities of the nitrogen-laser radiation whiclPL intensity is, as a rule, very small. In a sample with no

1. RESULTS
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FIG. 1. PL spectra of PS samples stored in(ajrand in vacuumb). The ~ FIG. 3. PL intensity versus aging time in air for samples prepared under
spectra were measured immediately after prepardfi@nd?), 7 days later  different conditions:1, 2 — =50 MA/CN?; 1 — Ao =490 nm,2 —
(3and4), and 10 days late8* and4*). The luminescence was excited with Aex= 337 NM,3 — | o= 200 MA/CNF, \gye=337 Nm.

radiation with\ o,.=490 nm(curves2, 4 and4*) and\ ¢,.= 337 nm(curves

1, 3, and3*) (I =50 mA/cn?).

visible-range SEL bandl =200 mA/cnt), only an in-
crease in the PL intensity is observéeg. 3).

As the PL intensity increases in the case of visible-range
excitation, the position of the band maximum generally shifts
to shorter wavelengthéFig. 1). The UV-excited PL band

U becomes narrower as a result of a decrease in the intensity of
the long-wavelength wing. As the PL intensity increases, the
position of the band for UV-range excitation shifts very little
in the long-wavelength direction, so that with time the posi-
tions of the PL-band maxima with visible- and UV-range
excitations come closer to each other.

When the samples are stored in vacuum, the PL intensity
was observed to decrease, but not incre¢&sg. 1b).

If a sample is exposed to air after being stored in
vacuum, the PL intensity remains nearly constant in the case
of excitation by light withA ;,>490 nm and increases with

1 time in the case of UV-range excitation.

W, arb. units

2. DISCUSSION

As follows from the data presented above, only a de-
crease of the PL intensity is observed in the case of excita-
0 1 1 i ) i i i ; i
350 %00 %60 500 750 tion by light with )\exc>490_ nm. At the same tlme,_ in

A,nm samples where only UV excitation is present, the PL inten-
sity only increases. This enables us to conclude that the drop

FIG. 2. Luminescence excitation spectra of a PS sample immediately afte?f the PL intensity corresponds to a visible SEL band and an
preparation1) and 7 days later&2) (1 4=50 mA/cnt). increase corresponds to an ultraviolet band. The nonmono-

2
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in vacuum. It is also in agreement with the absence of an
increase in intensity when the samples are exposed to air
after being held in vacuum. Therefore, two different pro-
cesses, which influence the PL intensity, occur simulta-
neously during aging — desorption and oxidation.

The data presented above also attest to the fact that the
two SEL bands of porous silicon are associated with two
different objects. Indeed, the desorption process results in a
decrease of intensity or vanishing of the visible SEL band,
which is then not restored with time. At the same time, with
UV excitation, the PL intensity changes very little with de-
sorption and then increases with time in air. The different
temporal behavior of the PL intensity in the case of visible-
and UV-range excitations signifies that the decrease in the
PL intensity cannot be explained solely by an increase in the
concentration of dangling silicon bonds, as is ordinarily
assumed.This process is apparently also associated with the
vanishing of absorption centers, which give rise to the visible
SEL band of the PL-exciting light. The fact that visible-
range excitation is not restored after desorption or aging of
the surface layer of PS by an argon-ion beam suggests that
the object with which the visible-range SEL band is associ-
ated is a component of the etchant or a reaction product. The
object responsible for the UV excitation of the PL of PS is
apparently an oxide.

_ _ _ _ As the PL intensity decreases, the density of lumines-
FIG. 4. Relative changesN,—Wg)/W, in the PL intensity versus wave- . L
length of the exciting light at different stages of the etching procgss: cence centers Ca_l’?, in prlnC|pIe, decrease_ as well. The depen—
At=7 days,2 — At=40 days33 — At=60 days (o=50 mA/cn?). dence of the position of the PL-band maximum on the wave-
length of the exciting light attests to its nonelementary
nature; this is confirmed by data from Refs. 12 and 13.
tonic character of the changes in the reghq.<490 nm is Therefore, it is logical to assume that the PL is due to a
explained by overlapping of these bands. As one can seguperposition of two bands, one of which is excited in the
from the dependence of the magnitude of the relativevisible-range SEL band and the other in the ultraviolet band.
changes in the PL intensity on the wavelength of the excitingn this case the dependence of the position of the PL-band
light (Fig. 4), the amplitude of the drop in the PL intensity in maximum onAg,., just as the nonmonotonic dependence of
the regionh ¢>490 nm does not change. Therefore, it canthe PL intensity on the aging time, can be explained by over-
be assumed that in this region there is no overlapping of théapping of the SEL bands. Therefore, it is possible that each
UV and visible SEL bands. object is associated with its own luminescence band. This

Some conclusions about the nature of the increase an@sult is also in agreement with the narrowing of the IV-
decrease of the PL intensity can be drawn from a compariso@xcited PL band in the process of aging; this can be ex-
of the character of the changes in the PL intensity in air anglained by the decrease in the contribution of the band ex-
in vacuum. cited by the visible light.

The absence of an increase in the PL intensity in the case It follows, however, that a number of factors suggest that
of excitation by UV light in vacuum and the large increase inthe superposition of these two bands is not the only reason
the PL intensity in air before and after the samples are storefbr the displacement of the PL maximum during aging. In-
in vacuum show that this growth is due to an oxidation pro-deed, a displacement of the PL maximum also occurs,
cess. The fact that the quantity of oxide increases duringhough it is smaller, when there is no overlapping of the SEL
aging is also confirmed by the results of secondary-ion masisands(for example, in the absence of a visible-range excita-
spectrometrySIMS),** which likewise shows that the oxide, tion band. This shift could be due, for example, to a
just as the luminescence, is localized predominantly in a redesorption-induced change in the electric field at the surface.
gion of thickness~500 nm near the surface of the porous The data in Refs. 14 and 15 , where a displacement of the
layer. When this layer is removed by an argon beam, théL-band maximum to shorter wavelengths was observed
intensity of the UV-excited PL decreases substantidlgnd  when a negative potential was applied to the sample, attest to
the PL intensity increases when the sample is subsequentthis possibility.
held in air. Further investigations are required in order to determine

The decrease in the PL intensity can be attributed tdinally the nature of the desorbing object and its role in PL
desorption, as is ordinarily assumet® This assumption is processes.
in agreement with the corresponding changes occurring in  In closing, we wish to make one additional remark con-
the PL intensity when as-grown samples are stored in air anderning the difference in the excitation spectra of the PL that

(W,-W,)/W,,arb.units

A,nm
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The results of an investigation of the luminescence properties of an ensemble of InAs quantum
dots, obtained by submonolayer migration-stimulated epitaxy on singular and vicinal

GaAq100) surfaces, are reported. The largest width at half-height of the photoluminescence line
is observed in samples with a 3° disorientation, indicating that the size-variance of the
quantum dots is largest in this case. Quasiequilibrium quantum dots are formed either with a
long sample holding time in an arsenic flow or with a larger quantity of deposited

indium. © 1997 American Institute of Physids$$1063-782@07)00408-(

1. INTRODUCTION uniformity of the temperature profile of the heater that heats
the sample and the flux gradients at the surface. After the

Self-organization effects on a semiconductor surface, de | d.a 300 thick GaAs buffer |
which lead to the spontaneous formation of an ensemble ofxide ‘ayer waos removed, a sU5-nm-thick 15ans buller fayer
ith T,=630 °C was grown in an As flow in the growth

ordered nanosize islands, are being actively investigated furle .
damentally and from the point of view of application. It has chamber. In our case this temperature corresponds to the
been shown theoretically that the use of quantum-well Strucr_’noment of the transition from (24) to (3X1) surface re-
tures, in which the motion of charge carriers is limited in two
(quantum wiresand threg(quantum dotgsdirections, greatly
improves the performance of semiconductor devicesthe v ’ T j T ’ T ’ T
case of an InAs/GaAs semiconductor system, an array
guantum dots can be obtained when indium arsenide depo
ited on the gallium arsenide substrate directly during
molecular-beam epitaxy (MBE) reaches a critical
thickness~’ This effect is explained by the relaxation of
elastic stresses which arise during growth in a lattice-
mismatched heteroepitaxial system in accordance with th
Stronski—Krastanov mechanism. A semiconductor laser
whose active region includes an array of InGaAs/GaAs quan
tum dots obtained by submonolayer MBEMBE), has re-
cently been constructed.

It is known that both the growth kinetics and surface
vicinality influence the structural properties of an ensemble
of quantum dotS7? It has been shown that quantum dots
with a lateral-size variance of 10% can be obtained by sub
monolayer migration-stimulated epitaxMSB.*® This pa-
per reports the results of an experimental study of the lumi
nescence properties of an ensemble of quantum do
obtained on singular and vicinal GaA80) surfaces by
SMSE.

Photoluminescence Intensity, arb. units

2. EXPERIMENT

The growth experiments were performed in aR1203 1,20 1,25 1,30 1.35 1,40

MBE system on singular semi-insulating Ga280) sub-
strates and on the same substrates disoriented by 3° and 7°
the[011] direction. Three sampldsingular and two vicind _

chemically treated by the method described n Ref. 14, wer€lS & Frminescence spects for SSE.goun e quan dos
glued with the aid of indium on the same molybdenumcycies is 2 s1 — Singular sample2 — sample disoriented by 33 —
holder in a manner so as to reduce to a minimum the nonsample disoriented by 7°.

Photon Energy, eV
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construction and was chosen so as to improve the electriclows were set so that the GaAs, AlGaAs, and InAs growth
and optical parameters of the layérdfter the buffer layer, rates would correspond to 0.53, 0.68, and 0.1 monolayers/s.
a superlattice consisting of five pairs of GaAs/ The growth rates were measured with a system for observing
Al ,:Ga 7As (20 A/20 A) layers was grown so as to pre- oscillations of the RHEED mirror reflectidhwith a primary
vent the diffusion and drift of nonequilibrium carriers into beam energy of 12.5 keV, which corresponded to the anti-
the semi-insulating substrate with a high density of deep imBragg diffraction condition.

purities (Cr). Next, a 70-A-thick GaAs layer was grown and The photoluminescencé’L) spectra were excited with
the temperature of the sample in the arsenic flux was loweredn argon laser. The excitation density was equal to 1
to T,=470 °C[the moment of the transition from ¢24) to  W/cnm?. The observation temperature was equal to 77 K.
(2% 2) surface recombinatignThe active layer was grown

by submonolayer migration-stimulated epitaxy, in which in-

dium was depositedn the absence of an arsenic flpim the 3 RESULTS

amount required for a 0.5 monolayer of InAs. It was held in

an arsenic flow for 2—30 &he time 7). The total nominal The PL spectra from structures with a nominal InAs
InAs thickness was equal to two or three monolayésar or  thickness of two monolayers and a holding time2os in

six deposition cycles After growth of the active layer was arsenic flow are shown in Fig. 1. In the case of a singular
completed, a 70-A-thick GaAs layer was grown at the sameéample the spectrum contains two peaks, which we attribute
temperature. Next, the substrate temperaflyavas set to 0 the nonequilibrium sizes of the quantum formations at the
630 °C and a 70-A-thick GaAs layer was grown. A Super|at_initial stage of formation of elastically strained islands. This
tice consisting of five pairs of GaAs/fGa, -:As (20 A/20 effect is not observed in the case of disoriented samples,
A) layers was then grown so as to prevent any effect fromfvhere monatomic steps on the substrate surface additionally
Surface recombination_ During the growth Of the Super'atjnﬂuence the quantum'dot formation process. As the disori-
tices7 after each GaAs |ayer, the Samp'e surface was held Wtation angle inCI‘easeS, the PL line shifts into the short-
an As flow for 20 s. The arsenic pressure in the growthvavelength regior{1.32 and 1.36 eV, respectivelyith the
chamber was maintained constant at 108 Pa in all ex- radiation intensity remaining virtually unchanged. The total
periments_ The values of the preca"brated Ga' AL and |ﬁN|dth at half-maximum Of the PL Iine decreases from 100 to

Photoluminescence Intensity, arb. units
Photoluminescence Intensity, arb. units

1 A 1 " i ] i [l a2 1

1.2 1.3 1.4 1.2 1.3 1.4
Photon Energy, eV Photon Energy, eV

FIG. 2. Photoluminescence spectra for SMSE-grown InAs quantum dotsFIG. 3. Photoluminescence spectra for SMSE-grown InAs quantum dots.
The nominal thickness is two monolayers and the holding time betweemhe nominal thickness is three monolayers and the holding time between
cycles is 30 s1 — Singular sample2 — sample disoriented by 33 — cycles is 2 s1 — Singular sample2 — sample disoriented by 33 —
sample disoriented by 7°. sample disoriented by 7°.
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TABLE I.

InAs layer Disorientation, Position of the PL peak PL-line width at PL intensity,
Sample No. thickness, ML 7, s deg 5 from quantum dots, eV half-maximum, meV arb. units

1 2 2 0 - 76 0.29
2 2 2 3 1.323 101 0.10
3 2 2 7 1.362 63 0.09
4 2 30 0 1.329 69 0.94
5 2 30 3 1.298 128 0.29
6 2 30 7 1.349 62 1

7 3 2 0 1.305 83 0.48
8 3 2 3 1.291 108 0.56
9 3 2 7 1.344 54 0.51

60 meV for 3° and 7°, respectively. The last two facts showtained either with a long sample holding time in an arsenic
that for a strongly disoriented sample the dimensions and thibow or with a large amount of deposited indium. Third, a
size-variance decrease. short-wavelength shift of the photoluminescence line com-
The PL spectra of samples whose surfaces were held ipared with samples obtained by MBE and SMBE is ob-
an arsenic flow for a longer time and which have the sameerved. This shows that the SMSE method gives smaller
amount of deposited indium are presented in Fig. 2. For aljuantum dot$? The PL-line width at half-maximum is usu-
samples, the photoluminescence intensity is substantiallglly smaller for SMSE than for SMBE or, in other words,
higher(by a factor of 3—1pthan the data presented in Fig. 1. less than the deviation from the average quantum-dot sizes
This indicates that the density of quantum dots is sharplyor the technology under study. This is also confirmed by
higher in this case. For all positions of the maxima of the PLcomparing the profile analysis of STM images for these
lines, a shift is observed into the low-energy regiamthe  methods-'~**Therefore, submonolayer migration-stimulated
range from 1.30 to 1.35 @ythis corresponds to the case of epitaxy technology holds promise for producing optoelec-
an increase in the characteristic sizes of the quantum dot&onic devices whose active region consists of an ensemble
The character of the change in the total width at half-of quantum dots.
maximum, depending on the vicinality of the substrate, re- We wish to thank D. Bimberg, G. M. Gur'yanov, and
mains the same as in the preceding case: The smallest changeG. Dubrovski for helpful discussions of the results. We
(60 me\) corresponds to a disorientation by 70°, while thealso thank N. K. Polyakov, D. N. Demidov, and N. P. Kor-
largest value(128 me\} is observed with a disorientation neev for assisting in the growth experiments.
of 3°. This work was supported, in part, by the Russian Fund
The effect of disorientation of the substrate on the intenfor Fundamental Research under Grant No. 95-02-05084-a,
sity, shape, and position of the maximum of the PL line inthe INTAS Fund under Grant No. 94-1028, and the Scientific
the case of quantum dots formed by the deposition of thre@rogram “Physics of solid-state nanostructures.”
InAs monolayers is demonstrated in Fig. 3. A characteristic
feature of these spectra _is that the PL ir_ltensity is prac_ti(_:allle. Arakawa and H. Sakaki, Appl. Phys. Let0, 635 (1982.
the same and quite high for both singular and vicinalz| Goidstein, F. Glas, J. Y. Marzin, M. N. Charasse, and G. Le Roux,
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Hall effect in quasi-two-dimensional superlattices in nonquantizing magnetic and strong
electric fields

G. M. Shmelev, E. M. EpshteTn, and I. I. Maglevannyi

Volgograd State Pedagogical University, 400013 Volgograd, Russia
(Submitted June 29, 1995; accepted for publication November 18,) 1996
Fiz. Tekh. Poluprovodr31, 916—919(August 1997

The transverse electric fiel, arising in quasi-two-dimensional superlattid&i.s) in a strong

pulling electric fieldE, and a weak magnetic field oriented in a direction perpendicular

to the plane of the SLH | Z) is calculated. In the case where the electronic energy spectrum is
nonadditive, the field, includes the Hall factor and the spontaneous transverse electric

field that exists withoutH. The fieldE, is a multivalued and sign-variable function &f. The
asymptotically stable branches of the functi®pare determined. Theinetic) “potential,”

whose minimum corresponds to a stationary state of the nonequilibrium electron gas, is used.
© 1997 American Institute of PhysidsS1063-782807)00508-3

In this paper we report the results of a calculation of thenonadditive nonparabolic dispersion 1&®) and open in the
Hall field as a function of the strong pulling electric field in transverse direction. This effect is an example of a nonequi-
guasi-two-dimensional superlattic€sSLs. Superlattices of librium second-order phase transition, in which the trans-
this kind are fabricated on the basis of size-quantizedrerse voltage plays the role of the order parameter and the
Al,Ga _,As layers with an energy miniband bounded in two pulling field is a controlling parameter. The existence of a
directions and fixed energy in a direction perpendicular taransverse EMF witiH=0 evidently should also affect the

the layers magnitude of the transverse field in the presence of a mag-
netic field H | Z), and since we are concerned with nonlin-
e(p) =g EA oS P1do 4 cos p2do , (1) ear effects,. it i; generally impossit_ale tp separate a “purg”
2 fi fi Hall effect in this case. A similar situation occurs in multi-

valley semiconductors under conditions of a multiple-valued
Sasaki effect. Therefore, speaking about the Hall field, we
have in mind the transverse field which includes both factors

where 2A is the width of the minibandp, and p, are the
Cartesian components of the quasimomentpmof the
charge carrier, and, is the period of the SL. In application . .
to the spectruml), the characteristic features of the Hall indicated above.

; . S To calculate the current density produced by charge
effect, which are discussed below, are related primarily tocarriers with the dispersion la¥2), we restrict the analysis
the choice of the direction of the pulling field relative to the b ' y

e ) . to the quasiclassical and one-band approximatidrs:*
principal axes of the 2-SL: We assume that it makes an anglg; eEdandeEd<s,, wheres, is the band gap, andis the

of 45° with one of the axes. Correspondingly, we orient themean free time of the electrons. We assume that the mag-
X axis along the pulling field. The spectrufi) then be- ) g

Lo PO S . netic field is nonquantizing; w.=|eHAd?/ck|<T (T is the
comes nonadditive in this coordinate system: : ; o
temperature in energy unjfsand that it is weakw 7<<1.

Dy p,d To solve the problem posed above, it is convenient to
e(p)=go—A cos—— CcOS——, (20 write the required equation of motion of a charge in dimen-
sionless variables. We thus make the substitutjmiig — p,
whered=d,/2. Of course, a spectrum of the ty(® is also  Eerd/%i—E, w,7— w., andt/7—t. In the new notation we
possible in the principal axes, for example, in crystals with ehave
volume-centered cubic lattideln this case the second term
in Eq. (2) contains an additional factor cqsd/%), which for dp
the field geometry chosen here is not important for the ef- gy =E+[V(P),@cl, (wc[H), 3
fects of interest to us. Zeolite-based three-dimensional clus-
ter SLs also belong to this class of crystaf course, this
list of materials with the electronic spectrufh) [or (2)] is
o charge.
not limited to the examples presented above. ,
: . To calculate the current we employ Boltzmann’'s equa-
We note that galvanomagnetic phenomena in a one- : S . o .
. . . tion with the collision integral in ther=const approxima-
dimensional SL have been studied by many autkess Ref. . : .
. : . tion. The general formula obtained for the current density
4 and the references cited theréhe Hall effect in a 1-SL in . . . X
e . : ; . using the solution of this equation has the fofsee, for
a strong electric field was investigated directly in Refs. 5
and 6. example, Ref. #
In Ref. 7 it is shown that in the absence of a magnetic
field, th_e sppntaneous appearance of a transveztEive t[O i=| v(p(t)e ldt, (p(0)=0). (4
the pulling fieldE,) voltage is possible in a conductor with a 0

wherev=1/A de/dp is the dimensionless velocity of the
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Herej=jqh/(enAd) is the dimensionless current density and
n is the carrier density in the layer. In the linear approxima-

tion in w;, we have the following expression from Ed8)
and(2):

b _Et oc| COYE,+E)t—1 cogE,—E)t—1
T2 Ex+E, E,—E,
5
Substituting expressio(b) into Eq. (4) we find
2 2 +(0)

e [ LaEE) P
T EZ-B2| (1+4ED)(1+4E) E [
, Ex(1+EZ—E))

K= (7)

(1+EZ+E))?—4EE]

The expressionp,, j,, andj{” have the form(5)—(7)
with the substitutiony«—x and w,— — w.. We underscore
that the expressions found fpy andj, in the linear approxi-
mation in the magnetic field are exact in the electric field.

For a fixed pulling fieldg,, which we assume to be the
case below, the transverse fielf], is determined by the

boundary conditions.

1. SHORT-CIRCUITED HALL CONTACTS (CORBINO DISK)
In this caseE, =0, and we find from Eqs(6) and(7)
Ex

:—, 8
1+E2 ®

Ix

. - 2E2-1
=W .
Iy= e “(1+E2)(1+4E?)

9)

1.0

o
[

£, ,arb. units
)

1
I
o

-1.0

1.0 2.0

£, ,arb. units

FIG. 1. Transverse field&, versus the pulling fieldE,. The solid and
dashed lines represent stable states witk-0.1 andw.=0, respectively.
Dotted lines — unstable states.

transverse field(12) is the simplest example of self-
organization in a nonequilibrium quasi-two-dimensional
electron gas.

Forw. # 0 EQ.(10) becomes much more complex, trans-
forming into an equation of degree 7 Ky . Since it is im-
possible to find exact real solutions analytically, this equa-
tion was solved numerically. The computational results
obtained withw,=0.1 andw =0 are presented in Fig. 1.

The regionE,<1 is worth noting. Here, on the one
hand, we havé&, =0 in the absence of a magnetic field and,

Equation(8) has the same form as the formula for the currenton the other, the Hall effect does not usually manifest itself
density flowing along the axis of a 1-St* The function (the fieldE, has a maximum and changes sigFor E,>1
jy(Ex) is nonmonotonic and sign-variabléhe sign change the situation is close to a “seed situation.” This is entirely
occurs atE,=1/y/2). As should happen in this case, for natural, since the magnetic field is assumed to be weak
Ex<1 the expression8) and (9) pass into the correspond- (4.<1) and the corrections due to the magnetic field are

ing expressions for a parabolic spectruy=E, and
jy: — -
2. SAMPLE (PLATE) OPEN IN THE Y DIRECTION
In this case we have the condition
(10

which is an equation for the transverse fiélg=E,(E,).
For w.=0 the solutions of Eq(10) have the form

E,=0,
Ey=i\/Ex2—1, (|E\>1), (12
and the solution(11) with |E,|<1 and solution(12) with

jy=0,

11

small. Nonetheless, the magnetic field plays a fundamental
role: It washes out the phase transition and forces the system
to choose between equally probalffer w.=0) stateg(12)
(forced bifurcation.

To investigate the stability of the solutio&s found, we
start from the conditiorisee, for example, Ref.)9

ﬂ>O,

dE, (Ex= fix)

(13

whose satisfaction means that near the stable stationary val-
ues ofE, determined by the conditiofL0), a small fluctua-

tion of the transverse field asymptotically approaches zero.

The asymptotically stable states determined with the aid of

|EL|>1 are stable with respect to fluctuations of the fieldthe criterion(13) are shown in Fig. 1solid lines. It follows
E,. Therefore, folE,|>1 a transverse field appears in the from Fig. 1 that forE,>1.065 the Hall field has two stable
sample in one of two mutually opposite directions. Thevalues (bistability) for fixed E,. (The possibility that the
choice of direction is determined by a random fluctuation orHall field “switches” with a change in sign in a 1-SL was

an initial inhomogeneity. In this case, a nonequilibrigki

noted in Ref. 5. Figure 2 shows the |-V characteristic cal-

netio second-order phase transition, mentioned above, oculated from Eqs(6) and (7) and the values found foE,

curs at the bifurcation poirf€,|=1. The appearance of the
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-1.0 -05 1.0

[
[v parb. unite

FIG. 3. “Potential” curves 16~<1>(Ey) with w,=0.1. Controlling param-
eterE, (arb. unitg: 1 — 0.9,2 — 1.0,3 — 1.065,4 — 1.1,5 — 1.15,
6—1.2.

Jyy »arb. units

mum of the potential on the upper stable branch. Ege 1
the difference between the indicated minima approaches
zero. The dotted curve in Fig. 3 shows the potendafor

L S [ E,.=1.065 (see also Fig. 1 (at the corresponding point
0 0.5 1.0 1.5 20  Ey,=0.45 we havel®®/dE;=0).
Eg,arb.units The characteristic features of the Hall effect which were

found above are ultimately associated with the limited na-
FIG. 2. Current-voltage characteristic fog=0 (dashed linfandw.=0.1  ture, the nonlinearity, and primarily the nonadditivity of the
(s_olid ling). The dotted line corresponds to an unstable dgtésee Fig. 1 energy spectruni2). For additivity of the spectrunil) (the
with w=0.1. X andY axes are directed along the principal axes of th¢ SL
we obtain in the linear approximation i : @) j,=—w¢j
and b E, = w.jy, Wherej, is determined by Eq8) with the
It is convenient to investigate stability by the method substitutiond— d,. The lack of uniqueness and the change in
proposed in Ref. 7. This method can be described as followsign of the Hall field do not arise.

The function The numerical estimates of the effects considered here
E reduce to estimates of the measurement unitsEfoj, and
O (E,)= f yjy(E;,)d E;,+ const, (E,= fix) (14 w, the latter depending on the SL parameters, A,andr
0 (the values of the corresponding quantities for a 1-SL can
is studied. With the aid of this function the conditioft) serve as a reference poifit
and(13) can be written in the form We are grateful to O. V. Yaltychenko for assistance in
the numerical calculations.
do =0 OI2(I)>0 15
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V. N. Agarev

Nizhegorod State University, 603600 NizhNbvgorod, Russia
(Submitted August 20, 1996; accepted for publication December 16, 1996
Fiz. Tekh. Poluprovodr3l, 920-921(August 1997

It is shown that the nonstationary thermoelectric power with characteristic rise and fall times of
the order of seconds in multilayered structures vpithn junctions can be several orders of

magnitude greater than the stationary thermoelectric power in a homogeneous semiconductor. This
effect can be observed in polycrystalline films and artificially produced multilayer structures

with p—n junctions and thin layers. It can be used to produce ultrasensitive temperature sensors.
© 1997 American Institute of Physid$1063-782607)00608-X

Multilayered structures withp—n junctions (MSs), Qo U;(t) Qo —t| Qo
whose number of layers is on the order of*dn !, are Qj(t)=<7) 1+ —=(Q(0)— 7) exl{j TS
convenient models of polycrystalline films which exhibit an ¢ ! @)
anomalous photovoltagéPV).}3In addition, MSs are also o o
of interest for producing new semiconductor devices. The relaxation time of the charge on tfth p—n junction is

The memory effect specific to MSs, which was studied
by Stafeev in Ref. 4, consists of the fact that after a high Tj—ﬂ: (7oPot 7pNo)N 3

voltage on the MS is switched off and the structure is short- 2N 2ng

circuited, the charge on the barrier capacitances optte  \;here - and 7, are the electron and hole lifetimes, respec-

junctions is redistributed in a manner so that@tn junc- el andpP, andN, are the density of states in the valence
tions are oppositely connected. Further relaxation of thenq”conguction bands, scaled to the recombination level.
charge on the barrier capacitances proceeds under the actig\/r}1en a temperature gradient is present along the MS, the
of thermally generated currents over times much longer thap,|ovation times on théth and (+ 1)st p—n junctions will

the lifetime of the minority charge carriers. If the currents of be different. According to Eq2), the total thermal voltage
the neighboringp—n junctions are differeni{for example, on the MS, disregarding the edge effects, is
under nonuniform illumination, as in the case of the APV

effect in filmg, then a nonstationary voltage, arises on the 2Q(0) 2 2t
MS. The maximum value of this voltage can excerd,>® AUM= m(Ui_Uj“):m‘P[ Qo _l} exp{ - TJ)
where 2n is the number of layers in the MS, andis the
contact potential difference between gh@ndn regions. —exp( _ 2t ) mq)[ZQ(O) _ 1}

In the present paper we shall examine the nonstationary Tj+1 Qo

voltage arising in a MS with precharged barrier capacitances ¢ t
of p—n junctions with a constant temperature gradient across X ex;{ - —) - exp{ - ) . 4
the layers(i.e., along the M% 7j Ti+1

Let the MS consist of Bp andn layers whose dimen- |f the temperature gradient along the MS is small, then
sions are much smaller than the diffusion length of the mi-p ;= 7j—7j.1<7=7 and the total thermal voltage on the

nority charge carriers. If the MS is produced on the basis ofys will be
2Q(0) 1}2 p( 2t>
QO Tr

wide-gap semiconductors, then the thermally generated cur-
rents in thep—n junctions will be higher than the thermally AU(t)= m<pa A_T[

generated currents in the quasineutral regions. T T

The charge relaxation occurring on tft& p—n junction 20(0) t
as a result of thermal current generation in the space charge [ — } [{_ _” (5)
layer is Qo 7j

If the charge stored in the barrier capacitances is much
dQ _ gno(L(V)j—Lo)  no 20— 1)  greater than the equilibrium charge,@0)/Qq)>1, then
R TEN G ZRl O N €

dt To AU(t) reaches a maximum &}, 2
2

where N,=Ny4=N is the impurity density in the andn AumaxzngA_T(zQ(o)) E (6)
regions,ng and ry are the density and lifetime of the charge 71 Qo €
carriers in the semiconductor itselt(U); and Q; are the According to Eq(3), for small temperature gradients we
thickness and charge in the-n junction at zero voltage, gptain
Qo=0NL, is the stationary charge of the ionized impurity in
the p or n region, andq is the electron charge. Are AT [ E4—AE . @

Solving Eqg.(1), we obtain 2mT kT '
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whereAT is the temperature difference between the ends of In summary, a nonstationary thermoelectric power,
the MS, andAE is the energy difference between the which is several orders of magnitude greater than the station-
conduction-band bottom and the recombination level ifary thermoelectric power in a homogeneous semiconductor
7,Nc>7,P, , or the energy difference between the recombi-and with characteristic rise and fall times of the order of
nation level and the valence-band top if the opposite relatioseconds, can be observed in MS with precharged barrier ca-
holds. pacitances of the—n junctions. This effect can be observed
We obtain the maximum value of the differential ther- in polycrystalline APV films and artificially produced MSs

moelectric power by substituting the expressi@hinto Eq.  with thin layers, and it can be used to produce ultrasensitive
(6) temperature sensors.

AUpax [(K\AF][ g¢[ E4—AE|[2Q(0)\%1
AT 2“‘) ”F(_ kT )( Qo )%]
(8)

kT

q

f : . 1E. I. Adirovich, V. M. Rubinov, and Yu. M. Yuabov, Dokl. Akad. Nauk
where AF is the distance from the Fermi level to the SSSR164, 529(1969 [Sov. Phys. Dokl 10, 844 (1966].

conduction-band _bottom ina&nondegenerate semiconductor 2¢ | agdirovich, V. M. Rubinov, and Yu. M. Yuabov, Dokl. Akad. Nauk

or from the Fermi level to the valence-band top fao-type SSSR174, 545(1967) [Sov. Phys. Dokl12, 477 (1967].

semiconductor. The first term in brackets in express®ris 3gélé Qfég)vll;gh '(Elg')\gg "E'SSIOV# ;’:\“d guklhlﬂil Bléjb(i\é}g]okl' Akad. Nauk
; : ; ov. Phys. Dol , .

the thermqelectrlc power in a nonplegenerate se_mlconduct_onbvl |. Stafeev, Fiz. Tekh. Poluprovods, 2134 (1972 [Sov. Phys. Semi-

Let us estimate the second term in the braces in expressionond.s, 1811(1972].

(8). For qe=10AF, E4—AE=20kT, and [2Q(0)/Qo]? V. N. Agarev, Pis'ma Zh. Tekh. Fi3(13), 626 (1977.

=30, which is the scale factor in the braces in Eﬁv is of V. N. Agarev, Fiz. Tekh. Poluprovodii4, 1018(1980 [Sov. Phys. Semi-

the order of 18, The characteristic rise time of the thermo- 0" 1% 607 (19801

electric power atry=10"’ s andN=10"ng is tpma,=1/2 s. Translated by M. E. Alferieff
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Si/Si,_,Ge, epitaxial layers and superlattices. Growth and structural characteristics
F. F. Sizov, V. P. Klad’ko, S. V. Plyatsko, and A. P. Shevlyakov

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 262650 Kiev, Ukraine

Yu. N. Kozyrev and V. M. Ogenko

Institute of Surface Chemistry, National Ukrainian Academy of Sciences, Kiev, Ukraine
(Submitted April 3, 1996; accepted for publication December 25, 1996
Fiz. Tekh. Poluprovodr31, 922—925(August 1997

Si, Ge, and Si_,Ge, epitaxial layers and Si/$i,Ge, superlattices have been obtained (@00

and (111) silicon substrates by molecular-beam epitaxy. The growth processes and the
structural characteristics and chemical composition of the structures were studied by x-ray
diffraction and Auger spectroscopy. It is shown that under the experimental conditions for
obtaining Si/Sj_,Ge, superlattices structurally perfect, strained superlattices with satellites

up to =5 orders can be obtained. @997 American Institute of Physics.
[S1063-78287)00708-4

Modern epitaxial methods for growing semiconductorthe layers, since otherwise the surface morphology of the
layers make it possible to monitor growth processes at th&i; ,Ge, layers is disrupted and a high defect density arises
atomic level. Structuregheterojunctions, quantum wells, su- in them.
perlattice$ with controllable characteristics for micro- and In the heteroepitaxy of lattice-mismatched semiconduc-
optoelectronics can be produced by combining differentors, there exist critical thicknesses of epitaxial layers up to
types of semiconductors and epitaxial layers of differentwhich the lattice mismatch is compensated for by stresses in
thickness. The most thoroughly studied structures to date atbe layers. In the case at hand, this results in a tetragonal
those based on group-Ill and group-V semiconductors, thdistortion of the unit cell. The typical values of the critical
most important of which crystallize in the zinc blende struc-thicknesses for $i,Ge, layers on substrates with growth
ture. In some cases, lattice-matched components can be cHemperaturesT=500 °C are 1000 A for layers with
sen for the structures; this makes it possible to achieve colta=1% (~20% Gé and only 10 A forAa=4.2% (pure
trolled heteroepitaxy and to obtain high-quality structuresgermaniunm. When the critical thicknesses are exceeded, re-
However, the most important structures for applications ardaxation of mechanical stresses occurs in the layers and mis-
still structures based on elementary semiconductors, espgiatch dislocations are formed.
cially Si — the principal material of semiconductor electron-  Epitaxial layers of Si and $i ,Ge, were grown or(100)
ics. and (111 substrates by molecular-beam epitaxy in a Katun’

The properties of bulk $i,Ge, crystals have been in- system with substrate temperatur@s=400-830 °C in
vestigated for many year@ee, for example, Ref.)1De-  vacuum with a residual pressure not exceedinglﬂ‘8 Pa.
pending on the chemical composition, the band gap in thesA high-energy electron diffractometer built into the growth
compounds can range from 1.1 to 0.7 eV and, for exampleghamber made it possible to monitor with8 A the thick-
Si;_xGec-based photodetectors can operate in the spectréiess of the layers being grown and the degree of their struc-
range 0.5-1.8um, so that they can be used in fiber-optic tural perfection according to the rearrangements of the struc-
communication lines. However, the large lattice mismatcHure of the growth surface directly during the growth process.

(Aa=4.2% atT=300 K) in the case where §i,Ge, layers The pre-epitaxial preparation of the silicon substrates
are grown in silicon substrates results in a high mismatchconsisted in chemical etching away of the natural oxide and
dislocation density at the interface. depositing a~1-um-thick passivating oxide film with the

Progress in the development and investigation of2im of later removing the film in a controllable manner in the
strained quantum-well structures and heterostructures bas&#owth chamber. During the heating of the silicon substrates
on silicon(see, for example, Refs. 2 and Promises devel- in the growth chamber up to a temperatdre 850 °C with
opment of fundamentally new devices for micro- and opto-residual vapor pressure10~’ Pa, the interaction of the
electronics in the system SifSi,Ge,.*® weak Si vapor flow F g= 10" cné/s) with the surface of the

In the present study we investigated the structural charsubstrates according to the reaction
acteristics of Si, Ge, and Si,Ge, layers and superlattices in . Lo
the Si/Sj_,Ge, system, prepared by molecular beam epitaxy SIO,+Si=SI0f @
(MBE) on (100 and (111 silicon substrates. produced in a time of 2—5 min an oxygen-free, atomically

One of the main problems in growing perfect quantum-clean surface and resulted in the appearance of clear reflec-
well structures and heterostructures based on Si and Ge is timns of 7X7 and 2<1 structures fof111) and(100) orien-
assure layerwise two-dimensional stepped growth at relaations, respectively.
tively low epitaxy temperaturesl& 550 °C) while avoiding The minimum temperature at which epitaxial growth
three-dimensional growth with a high germanium content inof the Si buffer layers could be achieved was equal to
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FIG. 1. a — Oscillations of the central
HEED reflection at timet during
growth of Si epitaxial films(top) and
the change occurring in the oscillations
when the Ge sourcébottom, arrowy
for growing Si_,Ge, epitaxial layers
is switched @ b — distribution of the
chemical composition in the plane of a
Si; _,Ge, epitaxial layer with thickness
d=1 um, obtained by molecular-
beam epitaxy on a Sil00 plate. The

values ofx are indicated.

-

~400 °C with a growth rate of 1:01.5 A/s. The oscillations thin Si, Ge, and Si,Ge, epitaxial layers and from the

of the central HEED reflectiorisee Fig. 13 according to  Si/Si;_,Ge, superlattices is a fraction of a percent of the
which the epitaxial growth rate was determined, remainedntensity of the reflection peak from the silicon substrate.
distinct and stable, indicating that the growth of the epitaxiaHowever, these peaks are still intense enough to determine
layers was a two-dimensional process. the thickness of the epitaxial layers with a relative accuracy

The conditions for obtaining epitaxial Ge and SiGe,  of =3%.
layers on Si(111) substrates were investigated. Specifically, The profiles of the chemical composition distribution in
the optimal growth parameters of epitaxial germanium filmsthe heterostructures and Si/SjGe, superlattices were also
on silicon substrates with surface restructuringsinvestigated by layerwise analysis in a 09 10S-005 Auger
(7X7)—(5%X5)—(2X8)—(1x1) were determined and spectrometer. The surface of the samples was etched with
studied in the temperature range- 350—650 °C. The epi- argon ions at a constant rate in the energy range 2.0-3.5 keV
taxial Si_,Ge, layers ranged in thickness from 50 A to 1 and with ion-beam current densities 180—3&8/cm? and
um and in Ge content=0.07—0.70. The growth conditions ion-beam diameter-0.75 um. The intensity(numberN of
made it possible to obtain Si,Ge, epitaxial layers on Si electron$ of the Ge Auger peakenergyE=1146.8 eV was
substrates, 60—76 mm in diameter, with a relative composimeasured continuously. The typical dependence of the
tion uniformity of =1%. change in the intensity of the Ge Auger peak over the depth

Figure 1b shows the distribution of the Ge content inof the samplgthe accumulation timé, with a constant etch
Si;_Ge, epitaxial layers for the regimes prescribed for ob-rate is proportional to the distance from the sample suyface
taining layers withx=0.35. It is obvious that the uniformity is shown in Fig. 3. As one can see from Fig. 3, the period-
of the Ge distribution is relatively high, and that the compo-icity and thickness of the separate Si and_$Ge, layers
sition matches well the prescribed growth conditions. Figurg70-A SiGe and 90-A Sihold up quite well. The Ge molar
2 shows diffraction-reflection curves for Si{SiGe, hetero-
systems with different chemical compositions of the epitaxial
layers.

The composition of the $i,Ge, epitaxial layers was
monitored according to the angular separatiof between
the positions of the peaks in the x-ray diffraction reflection
pattern assuming that Vegard's law holfigegard’s law
holds well in Sj_,Geg, (the lattice constants ase=5.431 A
for Si anda=5.657 A for Ge atT=300 K)], taking into
account the corrections for the degree of relaxation of the
strained layers. The error in measurifig is = 1" (irrespec-
tive of the composition This makes it possible to determine
the composition of the layers with an absolute accuracy of
+0.3%. The elastic stresses existing in heterojunctions af- 2
fect the determination of the chemical composition of the
layers. However, as a result of the relatively large radii of . 1 NS
curvature of the silicon plates with epitaxial layers, in deter- 1 —L — +
mining the composition of the layers the corrections made so 33°30 34°0g 34°30
as to take into account the relaxation of the mechanical

stresses_in the_ heterOStrL_JCture_ are Sma"_- FIG. 2. Diffraction reflection curves for §i,Ge, heterostructures on Si
The intensity of the diffraction reflection peaks from the (100 substratesx: 1 — 0.39,2 — 0.44. The intensity scale is logarithmic.

I,arb.units
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\/J LJ U J LJ FIG. 4. X-Ray diffraction intensity versus diffraction angle for a five-period
e Si;_,Ge, superlattice on a Si111) substrate with a 0.2em-thick Si buffer
0 30 60 90 120 150 layer. Measurement conditions: CuK radiation line with wavelength
ta,s A=1.54051 A, Si(100 monochromator(400) reflection. Superlattice pa-

rameters: period 181 A, SiGe layer thickness 72 A, Si layer thickness 109 A.
The peaks of the negative-({) and positive () satellites for the super-
lattice are numbered. The dashed line represents the oscillations of the x-ray
diffraction of the satellites which are masked by the intense diffraction
reflection peak from the silicon substrate.

FIG. 3. Variation in the intensity of the Ge Auger pelak1146.8 eV with
layerwise etching of the surface of a strained_$e, superlattice by Ar
ions. The ion energy is 2.8 keV, the current is 230cn?, and the ion
beam diameter is 0.76m. The period of the superlattice is 160 A. Inset: Ge
Auger peak.

the superlatticds— the existence of sharp boundaries be-

fraction in the Sj_,Ge, layers, determined according to the tween the layers, uniformity of their chemical composition,
ratio of the Ge and Si Auger peak intensities for heterostrucetc.
tures and Si/Si_,Ge, superlattices, correspond satisfactorily =~ The typical x-ray diffraction pattern of a five-period
to the prescribed regimes of experimental growth of theSi —,Ge superlattice x=0.35, periodd=181 A, SiGe layer
structures. thickness 72 A, Si thickness 109) An a silicon(111) sub-

The structural characteristics of the Si andstrate with a 0.2am-thick Si buffer layer is shown in Fig. 4.
Si,_,Ge, buffer layers, as well as the periodic,;SiGg,  The main(wide at the basepeak atf=14°13 is due to the
structures with periodl=100-300 A were investigated by (111 reflection from the silicon substrate and is a reference
the x-ray diffraction method in a DRON-3 diffractometer reflection in the present case. The intensity of the diffraction
with a double-crystal scheme in the,(-n) geometry with a  reflection peaks from the Si/Si,Ge, superlattice equals
Si (100, (111) monochromator and a ®url radiation line  fractions of a percent of the intensity of the reflection peak
(A=1.54051 A). The x-ray diffraction method makes it pos-from the silicon substrate. Several relatively wide but well-
sible to determine at the same time the stress distribution, theeparated negative(i) and positive ) satellites, which
chemical composition, and the period of the superlatticesattest to the good uniformity of the layers over thickness, can
The mechanical stresses arising as a result of the lattice mi€ seen in Fig. 4.
match between the buffer layer and the substrate and be- The free-carrier density in the Si, Ge, and SiGe, ep-
tween the buffer layer and the superlattice results in bendingjaxial layers was equal to 18-10' cm™2. To control the
of the silicon plates; this bending can be determined accorcelectrical characteristics of the layers of the superlattices, the
ing to the change in the angular position of the main diffrac-Si layers were doped with boron with a resulting density of
tion peak. The average curvature of the silicon plates witil0'’— 10" cm™3.
the Si_,Ge (y=0.5) buffer layers was equaR™* In summary, our investigations of the growth of Si, Ge,
=0.2m*t and Sj_,Ge_ layers and our study of their structural charac-

The periodd of the Si_,Gg, superlattices was deter- teristics have shown that structurally perfect heterostructures

mined according to the angular separatid(26) between and Si/Sj_,Ge, superlattices with a large area and pre-

the satellites in the x-ray diffraction spectra scribed chemical composition can be obtained.
A -1
d= A(20) ©°S Os ™, (2)  1s.c. Jain, J. R. Willis, and R. Bullough, Adv. Phy8, 127 (1990.

2G. Abstreiter, “Engineering the future of electronics,” Physics World,
where 9-3 is the Bragg angle' of reflection frqm the SUbStra-‘te' 3l1:9?:2’5pi.z§\?. ininfrared Photon Detectorsedited by A. Rogalski, SPIE
. During the growth_ of Si_,Ge SUperIat_tlce_s the condi- O.pti(.:al Endineering Press, Bellingham, Washing%lon,.19995, p. Li'>61.
tion for pseudomorphic growth of the epitaxial layers was 4ra. Metzger, Compound Semicont. N 3, 21(1995.
satisfied(strained superlatticgsand satellites up ta=5 or- SK. Eberl, W. Wegscheider, and G. Abstreiter, J. Cryst. Grohth, 882
ders were observed in the x-ray diffraction reflection spectra.6(199])-
The presence of numerous, regularly spaced, and well-S M- Clemens and J. G. Gay, Phys. Rev3 9337 (1987.

defined x-ray satellites attests to the structural perfection ofranslated by M. E. Alferieff
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Simple method for reconstructing the doping fine structure in semiconductors from
C—V measurements in an electrolytic cell

V. I. Shashkin, I. R. Karetnikova, A. V. Murel’, I. M. Nefedov, and I. A. Shereshevskil

Institute of Microstructure Physics, Russian Academy of Sciences, 603600:Mplkgbrod, Russia
(Submitted August 13, 1996; accepted for publication December 25, 1996
Fiz. Tekh. Poluprovodr31, 926—930(August 1997

A simple method is proposed for reconstructing the doping fine structure in semiconductors from
capacitance-versus-voltage measurements with electrochemical etching. The method makes

it possible to determine the doping profile directly from the semiconductor surface and provides
resolution on scales of less than the Debye screening length. Numerical calculations

confirm that the doping profile in semiconductors can be reconstructed with a resolution of
several nanometers. @997 American Institute of PhysidsS1063-782607)00808-9

1. INTRODUCTION face. The limits of applicability of the approach are dis-
cussed. Numerical modeling of experiments on ECP of test

A method based on measurements of the capacitancgemiconductor structures shows that the doping profile can

versus-voltage@ — V) characteristics with a reverse bias ap- be reconstructed with nanometer resolution.

plied to a Schottky barrier is widely used to determine the

dopant concentration profile of semiconductor structtiies.

the mid-1970s it was suggested that a barrier contact of & FORMULATION OF THE DIRECT PROBLEM FOR

semiconductor sample with an electrolyte be used for thi$ALCULATING THE CAPACITANCE

purpose(instead of depositing metal or mercury cont®éts

The possibility OT performing cons_ecutively a measu_remen(Nith the flat surface of a-type semiconductor possessing a
of the concentration and very precise electrolytic etching of 3 onuniform impurity distributiorN(x) near the surface. For

sample in an e]ectrolyﬂc ce!l made.'.t possible in prac.t|ce 0, given biasV the current through the contact is weak; this
remove the limit on the doping profiling depth. Thus, inves-

corresponds to constant positions of the Fermi quasilevels in

tigators were equippeq with a_conve_nient and effici_entthe semiconductorHy<) and electrolyte Ex¢).° The prob-
method for reconstructing a profile during electrochemlcalIem is assumed to be one-dimensional. For simplicity, let us

etching(ECP methogl” While ECP method retains the fun- assume that the impurities in the semiconductor are com-

?hamgntalbprlﬂgflf)sli)t;—_V mea.itljretmen;f,.n ‘?‘I?O mhfents pletely ionized, that there are no deep levels, that the contri-
€ drawbacks: IS Impossible o obtain information 1, iy of the minority carriers is small, that the electrons

2bo;1tﬂt1he |mr?ur|ty drzzgn;ut:on '? th?r'nr't'al':deﬁ’ilﬁ]ti'ton rﬁgt'ﬁ n satisfy Boltzmann’s statistics, and that the voltage drop in
car the surface a ere are errors a s 0 € the electrolyte can be ignored.

resolution of the fine structure of the doping profile on scales : ; " :
) The electrostatic potentials(x) satisfies the Poisson
comparable to the Debye screening length. Both drawback; P ab(x)

arise from the fact that the analysis is performed on the baséquatlon

of classical formulas which are obtained in the complete- 52y 4me

depletion approximation. The concentration is determined at  ~~> = —[No expleg/kT)=N(X)],  x=Xe 1)

the boundary of the depletion region, where the approxima-

tion is very crude. A clear formulation of the problem of the with the standard boundary conditions

accuracy of the doping profiling was given a long time ago

and the problem was subsequently discussed repedtsty W(Xe)=—V— ° P()=0, 2

for example, Refs. 1 and ¥ However, practical schemes for €

reconstructing sharp doping profiles on the basi€CefV  which are elucidated by the band scheme of the electrolyte—

data have only recently been propo$efiThese schemes are semiconductor contact shown in Fig. 1. Habeis the Gal-

based on an iterative determination of the doping profile in avani potential, andE.(x) denotes the position of the

given class of functions by numerically minimizing the dis- conduction-band bottom

crepancy between the measured and compQted/ curves.

Such information is obviously very important for the inves- Ec(x)=Bo—e(x), Eo=—KTIN(No/No), )

tigation of diverse semiconductor multilayer microstructureswhereN. is the effective density of states in the conduction
In the present paper we propose a simple method foband. The notation has been introduced for the position of

reconstructing the doping fine structure in semiconductors othe etch front —x, and for the boundary of the depletion

the basis of electrochemical —V measurements during region —Xg.

electrochemical etching. The method provides a resolution of  In writing the relations(1)—(3) it is actually assumed

less than the Debye screening length and it reconstructs ttteat at somex, the semiconductor becomes uniform, i.e., the

doping profile in the region of initial depletion near the sur- density of the dopant remains constant,

Let us assume that an electrolyte is brought into contact
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FIG. 1. Band diagram of electrolyte—semiconductor contact With 0.

(4)

N(X):No, X=Xp.

As noted in Ref. 10 , this assumption often corresponds to
the real situation for an epitaxial structure grown on a semi-

and there are no doubts that the boundary condition
¥(Xg) =0 is admissible in ReM . Let the variableg, andV
be independent. Let us differentiate the expressi@snd

9

L 0= N 22 dv+ | N(xg) 25— Nix) |d 10
s Q= (Xd)a_v + (Xd)é,—xe— (Xe) |[dXe, (10
& —N &dev
Ime (Xd)(Xd—Xe)W
Xy 1
+ N(Xd)(xd_xe)&_Xe_EQ dXe. (11

Using expressioii6), we obtain the standard—V profiling
formulag?

conductor substrate or it can be justified by the fact thag,q

doping nonuniformities which are located sufficiently far
away cannot greatly influence the space charge in the deple-

tion region.
For a prescribed profilll(x) the problem(1) and(2) has

a solution that determines the integral characteristics —

charge per unit area

V)= e JdyY
Q(Xea )__EE|x:xe

:ef [N(x)—Ng expleg/kT)]dx (5)
Xe
and the specific capacitance
dQ
C(XEIV)_W! (6)

which are functions of the two independent variabtgsnd
V.

3. APPROXIMATION OF COMPLETE DEPLETION OF THE
NONUNIFORM-DOPING REGION

CoeNxg 8- ___° 12
—¢ (Xd)av  Am(Xg—Xe) (12)
~ P Nix )= 8m(a(1/C?)| 7t 13

Xg=Xet 7=, (Xg)= pes iy \ (13

which determine in parametric form the doping profile on the

thBasis of the measured depender@.,V). It is obvious
that on the strength of the assumpti6f) the calculations
based on Eq(13) give the trivial resultN(x4) = Nj.

4. SIMPLE METHOD FOR RECONSTRUCTING THE DOPING
PROFILE

Expressions foN(x.) andQ, which are more important
for the discussion below, follow from Eq§l0) and (11):

B 1(477 é’Q)
N(xe)= o ?QC—a—Xe : (14)
B e a(1/IC)|[a(1/C)] ™t
QXe V) =| 1+ — e ~ (15)

The relations presented above are the solution of the inverse
problem and make it possible to determine on the basis of the
measured voltage dependences of the capacit@iixg,V)

The complete-depletion approximation is based on théhe dopant concentration profile at each etch step, starting
introduction of a sharp hypothetical boundagywhich sepa- ~ directly from the semiconductor surface.
rates a regiorx<<xyq which is completely depleted of major- Other methods of finding the concentration profile,
ity carriers from the neutral regiox=x, (see, for example, Which could be convenient from the experimental standpoint,

Ref. 1). It is obvious that the complete-depletion approxima-follow from Egs.(10) and(11). For example, measurements
tion can be satisfactory if the nonuniformly doped part of thecan be performed with the position of the boundary of the

structure becomes depleted in the range of voltagemnd
etch steps, of interest, i.e.,

(@)

Xq(Xe,V)>Xg.

Then the solution of the problem is obvious

Qxe,V)=e f N dx, ®

Xe

(I)_EO 47Te Xd
e & Jx

(X=Xxe)N(x)dx,
9

P(Xg) — h(Xe) =V+
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depletion region held constant for several etching steps. Set-
ting dx4=0 in Egs.(10) and(11), we find
e d?Vv

N(Xe) = yps d_xg (16)

provided that

&
+ e —
Xe™ 47C(xg,V)

In this case the doping profile is reconstructed as follows.
Voltage incrementaV satisfying the conditiori17) are se-

=const.

17
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lected for several successive etch steps and a numerical di’ 0%
ferentiation scheme is used to calculbltgx,) from Eq.(16).

The main difference between the standard approacl
based on Eq(13) and the proposed approach based on Eqgs
(14) and(16) for reconstructing the doping profile is that in
the latter case the change in the capacitance characteristics 07
the semiconductor is attributed to the charge present in th
surface layer and is removed by electrolytic etching. There-
fore the characteristic features of the distribution of mobile
charge carriers at the depletion boundary do not greatly in “
fluence the accuracy and resolution of the doping profiling. .. %
For this reason, resolution limits on scales of the Debye
screening length, which are inherent in the standard ap
proach, do not arise in the calculations based on EG®.
and (16).° It is obvious that the validity of the expressions
(16) and(17) can be substantiated if the assumptions of Sec
3 are not made. Indeed, E(.6) is the Poisson equatiofi) 10
written for the surface part of the structure, where
—¢>kT/e and the contribution of mobile charge carriers
can be neglected. The conditi¢h?) gives the change in the

T Illl"r

T T Tiry

18

N,em 3

aeeececsce
-

L IR |

T LI |

applied voltage2) on etch steps, andx, that maintains a 7
constant potential corresponding to the exact equdfipm 10 0 . 12'1 a.'l @ . 0'2
the bulk of the semiconductog(x.,V,x) = ¥(xg,V',x) for a .
X>x.>X.. Solving Poisson’s equation in the interval &, prm
(Xe,Xg), it is easy to establish the required relation between
the capacitances: FIG. 2. Results of a numerical calculation of the doping prafieid line)
in the variantsA (a) andB (b), as well as calculations on the basis of the
1 B 1 B e 18) standard equatiofil3) (dotted ling. Dashed line — given profile.
C(x.,V') C(Xe\V)  4m(x.—xe)' (
which is equivalent to Eq(17). Therefore, in contrast to the The form ofN(x) and the computational results are pre-

approach based on eq4)’ the On|y condition on the apph_ sentled in Figs. 2 and.3. The dashed Ilne ShOV\{S the |n|t|al
Cab”ity of Eq. (16) for dopmg pr0f|||ng is the requiremen[ proflle and the dotted line shows the doplng proflle obtained

that the depletion must be strong near the surface of th#ith the standard approact3). The position of the bound-
semiconductor= ¢>kT/e. ary of the depleted region, which is reached at the first etch

stepx.=0, is marked in the figures. For the doping profile
shown in Fig. 2, the nonuniform part of the structure is ini-
tially depleted. It is evident from the figures that to within
the etch step the profiles computed in the varightand B

To assess the possiblity of reconstructing doping profilegre identical to the given variant. The additional peaks in
on the basis of Eq$14) and(16), numerical modeling of the Figs. 2a and 3a are related to the numerical-differentiation
ECP process was performed for different profiéx). To  errors, which were found to be greatest near the jumps in
find the voltage dependence of the capacitance at each etdf{(x). For the structure shown in Fig. 3 with wider regions of
step, be solved numerically the direct boundary value probeonstant density, the conditi@i) breaks down; nonetheless,
lem (1) and(2), which was reduced to a Cauchy problem by both profiling variants again give good agreement with the
the method described in detail in Ref. 10. Furthermore, tanitial profile. In general, when the conditidid) is violated,
avoid errors arising from the numerical differentiation in cal- the calculations in varianf lead to appreciable errors. In
culating the capacitandé), we differentiated with respect to this case the standard calculation represented by the dots in
V the Poisson equation and the boundary conditions. Th&ig. 3 essentially does not show the structure of the impurity
system of two second-order equations obtained was solvedistribution.
by the fourth-order Runge—Kutta method with automatic se- The numerical calculations performed for different pa-
lection of the step size. The functid®(x.,V) calculated in  rameters of the problem show that the main difficulty in
this manner was used to reconstruct the doping profile in thasing the proposed Eq§l5) and (16) arises due to the ne-

5. RESULTS OF NUMERICAL MODELING

variant A — according to Eq(14) and in the varianB —  cessity of calculating high-order derivatives. This imposes
according to Eq(16), interpolatingC as a function ofV in stringent requirements on the accuracy of the initial data.
order to find the required incrememns/. Specifically, to use Eq(15) the value of the capacitance

Piecewise constant profiled(x) were chosen as test must be known with a higher degree of accuracy than when
profiles. The typical parameters for the ECP method werdeq. (16) is used. On the other hand, E{L6) requires
used in the modeling!! etch step is 1 nmp—Ey,=1.7 eV, C—V curves in a wider and more thoroughly computed volt-
and voltage range is from 0 to 0.2 V. age range.
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18 The resolution is formally limited by the size of the etch
step, which can be equal to several nanométdrse pro-
posed approach can obviously be extended for analysis of
more complicated semiconductor structurésr example,
anisotropic structures, structures with degenerate statistics,
and others

This method has the drawback that numerical differen-
tiation of the experimental data is required. This imposes
stringent requirements on the accuracy of measurements and
requires that the known experimental errors in the ECP pro-
cedure be reduced to a minimtthe method can be imple-
18 mented on the basis of known electrochemical profilometer
b schemes, for example, profilometers based on an automated
digital system, as described in Ref. 11. The results of the
profiling of real semiconductor structures will be published.

This work was sponsored by the Russian Fund for Fun-
damental Research under Project No. 95-02-05870a.
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Effect of pulsed laser irradiation on the optical characteristics and photoconductivity
of the solid solutions CdHgTe
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The melting threshold of GgHg, sTe has been determined by numerical modeling of the
irradiation of the material with nanosecond ruby-laser radiation puls&s: 40— 50 mJ/cmd with
initial crystal temperaturd,=100 K andW,,=30—40 mJ/cm at T,=300 K. Laser-

induced modification of the surface of the sample under irradiation with energy d&visity,,

was found; it was manifested as a quenching of the stationary photoconductivity and an
increase in the reflection coefficient. For laser irradiation Wittabove the melting threshold,

the reflection coefficient increases further in the region ufVte 100 mJ/cr and

decreases fow>110 mJ/cri. For above-threshold irradiation, the photoconductivity signal was
found to decrease monotonically with increasing energy density in the laser pulse; this can
be explained by defect formation caused by laser-induced variation of the composition in the
surface region. ©1997 American Institute of PhysidS1063-782807)00908-3

The solid solutions CgHg,_,Te find application in (PO signal was observed. In Ref. 8, in contrast, it was re-
modern optoelectronics and are widely used in the fabricaported that irradiation with below- and above-threshold
tion of infrared radiation detectors. It is important to develop(from the standpoint of the authgrgulses increased the PC
new methods of directed modification of the electrical andsignal substantially. These inconsistencies could be due to
optical properties of this compound. They include pulsed lathe lack of accurate information about the melting threshold,
ser irradiation(PLI), which is distinguished by the local na- as well as information about the laser-induced variation of
ture and short duration of the action on a semicondutctor.the reflection coefficient. Laser-induced modification of the
Auger spectroscop§’® Rutherford backscattering? and  reflection coefficient could change the recorded PC signal.
opticaP~8 investigations of laser-induced modifications of In the present work we performed calculations of the
the structural, compositional, and recombination propertieemperature profiles in GgHgygTe in order to determine
of CdHgTe have revealed a number of PLI-induced prothe melting threshold of a surface irradiated with nanosecond
cesses, including mercury depletion of the CdHgTe suffaceruby-laser pulses. The PLI-induced changes in the reflection
and the appearance of a nonmonotonic distribution of theoefficient were investigated experimentally. The stationary
concentrations of the components. PC signal from CdHgTe before and after laser action were

However, in the literature there is no general consensugeasured.
concerning a number of questions regarding the PLI of
CdHgTe. This refers primarily to the energy density, at
which the CdHgTe surface melts during PLI. It is very im- 1. NUMERICAL MODELING OF PULSED LASER
portant to know the value diV,, in order to clarify the ques- IRRADIATION OF CdHgTe
tion of the mechanisms of laser-induced modification of a
semiconductof.We note that there are no direct experimen-
tal measurements diV,,,. The published computed values

The action of nanosecond ruby laser pulses on
CdHg; _,Te (x=0.2) single crystals with initial surface
and the data obtained from indirect observations are VertemperaturesTozsoo and 100 K was studied. The latter

Y/alue of the surface temperature was chosen because the PC

inconsistent. For example, in Refs. 2 and 6 the meltmgm .
. L , ) easurements were performed at this temperature. The one-
threshold for irradiation with nanosecond YAG:Nd-laser . . . )
dimensional heat-conduction equation was solved

pulses is estimated to be 30—40 m¥cin Ref. 8 the melt-
ing threshold for PLI of CdHgTe by ruby-laser radiation is dT(x,t) 4 IT(x,t)
oX

taken to be 160 mJ/cmThe calculations performed in Ref. pC(T) gt ox
10 for the case of irradiation with nanosecond ruby-laser -
pulses gave the valud/,, =180 mJ/crA. The latter values With the boundary conditions
are very high, since CdHgTe is distinguished by low thermal 4T
conductivity and a low melting point. -
Data on the variation of the electronic properties of
CdHgTe under PLI are sparse and inconsistent. For exampleherep is the densityC(T) is the specific heaK(T) is the
in Ref. 7 a PLI-induced decrease of the photoconductivitythermal conductivityP(x,t) is the heat generation function,

(T) +P(x,1)

=0, Tly.-=To,
x=0
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tures for the solid solution CdHgTe, @=100 K the melt-

2000 ing thresholdW,, lies in the range of energy densities 40-50
mJ/cntf. As the energy density increases, the surface tem-
1500 perature and thickness of the melted layer also increase,
reaching 1850 K and 200 nm, respectively, faf=110
mJ/cnt.
* 1000 E Similar calculations for an initial crystal temperature
~ T,=300 K give melting thresholds of 30—40 mJf&nin
agreement with the value &, obtained in Ref. 2 on the
560 basis of an analysis of compositional changes.
0 2. EXPERIMENTAL PROCEDURE
200 b Cdy»Hgy77Te single crystals with[111] orientation
grown by a modified Bridgman method with the melt zone
i constantly replenished with a solid phase were used. Prior to
%0~ the experiments the samples were treated in a solution of
I bromine in ethanol.
r 00 Irradiation was conducted with ruby laser pulgesve-
o i length A\=694 nm, pulse lengthr=20 n9 in vacuum at
To=100 K. A quartz homogenizer was used to obtain uni-
'mr form and unpolarized radiatioh.

1
/| 1 1 I coefficient with a single PLI were measured. The intensity of
0 50 150“3 %0 200 the Ar*-laser probe beam\(=488 nn reflected from the
’ sample surface was recorded for this purpose. The temporal
resolution of the recording system was no worse than 5 ns.
irradiation time ¢). W, mJ/cnt: 2 — 40, 3 — 50, 4 — 70,5 — 110; The "?easw?mem of the recombination properties \.N.ith
To=100 K; 1 — laser pulse. The dashed lines correspond 0975 and ~ '€Peated irradiation by pulses of different energy densities
1050 K between which melting occuts — Thickness of the melted layer ~ Was monitored by the method of stationary PC excited by
as a function of irradiation time with W=50 (1), 70 (2), 110 (3) mJ/cnt continuous Af and He—=Ne laser radiation with =488,
andT,o=100 K. 633, and 1150 nm at 100 K. The intensities of the radiation
employed were approximately the same.

Both the static and dynamic variations of the reflection

FIG. 1. a — Surface temperatur&)( of Cd, ,4Hg, 77Te as a function of the

P(x,t)=(1-R)al(t)exp— ax),
. . - . . . 3. EXPERIMENTAL RESULTS
« is the absorption coefficienR is the reflection coefficient,

andl(t) is the intensity of the laser pulse. Figure 2 shows the time dependences of the reflection
It was assumed that the laser pulse is a Gaussian with eoefficient during irradiation with different energy densities.
20-ns duration at half-maximum. In the calculations theEven atW=28 mJ/cn the variations of the reflection coef-
functionsC(T) andK(T) from Ref. 10 , extrapolated to low ficient AR become appreciable, and they increase With
temperatures in the case of irradiationTat=100 K, were  For W>30 mJ/cni the reflection coefficient does not return
used. In accordance with the data of Ref. 11 , it was assumed its initial valueR,. Indeed, as one can see from Fig. 3, the
that the absorption coefficient in the solid phaseris 1.3  stationary reflection coefficient increases under PLI with
x10° cm™ ! and the reflection coefficient B=0.35 (@ and ~ W=30—100 mJ/cmi. Laser action with energy densities
R were assumed to be temperature-independdiite ab- W>100 mJ/cm decreases the reflection coefficient, as one
sorption coefficient of CgbHgy gTe in the liquid phase was can see from Fig. 2curve6) and Fig. 3. An increase in the
chosen to be 810° cm ! (Ref. 12, and the reflection co- diffuse scattering of light from the sample surface was ob-
efficient was assumed to be constant since it changes veserved at the same time. Measurements of the spectral de-
little on melting (see below. The melting temperature was pendence of the reflection coefficient of CdHgTe samples
chosen to b& ,= 1018 K, i.e. it falls between the values 975 showed that large changes in the form of the spectrum in the
and 1063 K, which determine the temperature range of theange 0.4—1um do not occur after PLI with the energy
solid—liqguid phase transition in the solid solution densities employed.
Cdy Hgo gTe® The dependence of the stationary B¢ on the energy
Figure 1a shows a curve of the temperature of the semidensity is shown in Fig. 4. One can see that the PC signal
conductor surfaceT) and Fig. 1b shows the thickness of the starts to decrease &Y=27 mJ/cm. The magnitude of the
melted layer ¢) for the case of irradiation at,=100 K. As  change in the PC increases with the PLI energy density and
one can see from Fig. 1, fak=50 mJ/cm the surface tem- approaches a stationary value. The degree of quenching of
perature reacheg,,, and the thickness of the melt is about the PC increases with decreasing wavelength of the exciting
10 nm. Taking into account the range of melting temperaiight.
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FIG. 2. Dynamics of the changdR in the reflection coefficient of
Cdy ,Hg, 77Te under irradiationw, md/cnt: 2 — 19,3 — 28,4 —32,5 —

77,6 — 123;T;=100 K. 1 — Laser pulse.

4. DISCUSSION
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FIG. 4. Stationary photoconductivitypcof Cdy gy 77T€, normalized to
the initial value, versus the PLI energy density. Wavelength of the exciting
light \, um: 1 — 1.15,2 — 0.633,3 — 0.488. The vertical lines indicate
the energy-density interval containing the melting threshdjg= 100 K.

14), can effectively evaporate before melting starts. This
agrees with the data obtained in Ref. 15 with pulsed thermal
annealing of CdHgTe. In interpreting the changes in the re-
flection coefficient and the PC, the possibility of other sub-
threshold mechanisms of laser-induced defect formation in
the surface region, for example, the electronic-deformation-
thermal mechanismalso cannot be ruled out.

Let us now discuss the changes occurring in the proper-
ties of CdHgTe under irradiation with energids=W,,,. The
maximum PLI-induced increase in the reflection coefficients
(Fig. 3 reaches 30%R=0.45), which corresponds to the
magnitude of the change in the reflection coefficient of CdTe
under PL#® but is less than the analogous variations under
laser irradiation of IV and IlI-V materiafs. We note, how-

Laser-induced changes in the reflection coefficient angkver, that the dynamics of the PLI-induced variation of the
PC start aW=30 mJ/cni. This figure is less than the value reflection coefficient of CdHgTe differs substantially from
determined in the calculations of the melting thresholdthe dynamics of variation of the reflection coefficient of
W,,=40—-50 mJ/cmd. This probably indicates that sub- CdTe and IV and IlI-V materials, for which a nonmonotonic
threshold processes can occur during PLI of CdHgTe. A posvariation of R(t) during laser irradiation was recorded. This
sible subthreshold process is the sublimination of the comelifference could be due to the more complicated PLI-
ponents during heating. For example, mercury, characterizedduced compositional changes occurring in CdHgTe.

by saturated vapor pressupg=30 atm atT=970 K (Ref.

12

R/Ro

04

FIG. 3. Stationary reflection coefficient of ggHg, ;;Te versus the energy
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The PLI-induced increase in the reflection coefficient for
30<W<100 mJ/cr can be explained by the change in the
crystal structure of the surface layer. Another reason could
be a separation of a high-reflection phé®ee example, a Hg-
or Te-enriched phagn a layer near the surface. The anneal-
ing, observed in Ref. 4, of ion-implanted &t, _,Te by
ruby laser pulses attests to the first assumption. The second
assumption — the separation of a Hg-enriched phase on the
surface — was advanced in Ref. 6. In Ref. 2 the mercury
concentration at a depth of 5-10 nm was observed to in-
crease. Although an increase in the Hg concentration was not
observed in other investigations of PLI-induced changes in
the composition of CdHgT&# in Ref. 18, where the experi-
mental results of Ref. 3 are explained on the basis of evapo-
ration, diffusion, and segregation of Hg in the melt, it was
shown that a thin mercury-enriched layer can form. The pos-
sibility that a thin Te-enriched layer forms on the surface of
samples after laser action, with which the observed increase
in the reflection coefficient could be associated, also cannot
be ruled out. However, we know of no direct experimental
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evidence of the segregation of tellurium in CdHgTe afterLaser action withV=W,, results in a nonmonotonic depen-
PLI. dence of the reflection coefficient on the energy density: An

The PLI-induced decrease in the reflection coefficienincrease forW<100 mJ/cmd and a decrease fow>110
for W>110 mJ/cr is due primarily, in our view, to the mJd/cnf. The PC signal decreases under above-threshold ir-
intense evaporation and boiling of the melted layer, whichradiation; this can be explained by laser-induced defect for-
result in substantial damage to the surface. This conclusion imation due to, for example, a PLI-induced change in the
confirmed by the fact that electron-microscopic investiga-composition of the damaged region. Photoconductivity mea-
tions of CdHgTe samples subjected to PLI with surements performed at different wavelengths attest to the
W=100-150 mJ/cm show an appreciable change in sur- surface nature of the laser-induced defects.
face morphology:®
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threshold PLI on the PC. The magnitude of the laser-induced
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termined by the nanosecond ruby laser pulses. It was foung;ek}?' E;illgf’g’vzﬁl(li’(%s [TTIECOZh':Eﬁz ",\Tttzé" 2(:5#8((:1533[]{ and A N
to be W,=40—50 mJ/cni with initial crystal temperature  opraztsov, Laser Physi& 790(1992. ' o
To=100 K andW,,,=30—40 mJ/cn at T,=300 K. We ob-  ®M. Scepanovicand M. Jevti¢ Phys. Status Solidi A47, 379 (1995.
served laser-induced formation of defects as a result of irra~ N- S- Baryshev, B. L. Gelmont, and M. I. Ibragimov, Fiz. Tekh. Polupro-
diation with W<W,,. It manifested itself as a quenching of '°4"-24 209(1990 [Sov. Phys. Semicond4, 127 (19901

the stationary PC and an increase in the reflection coefficientranslated by M. E. Alferieff

796 Semiconductors 31 (8), August 1997 Golovan’ et al. 796



Effect of an electric field on the relaxation of photoconductivity in n-Hgy gCdg,Te
crystals
l. S. Virt

I. Franko State Pedagogical Institute, 293720 Drogobych, Ukraine
(Submitted April 24, 1996; accepted for publication December 25, 11996
Fiz. Tekh. Poluprovodr31, 936—938(August 1997

The effect of a pulling electric field on the relaxation curves of the photoconductivity of
n-Hgy {Cdy ,Te crystals has been investigated. It is shown that as the field intensity increases,

the relaxation time of the slow component increases and that of the fast component

decreases. The contribution of the slow component also decreases. This behavior of
photoconductivity relaxation is due to the change in the energy-band bending near macrodefects
in the presence of an electric field and to a change in the feeding of nonequilibrium charge
carriers to the macrodefects. €997 American Institute of Physid$$1063-78207)01007-7

The most widely used method of measuring nonequilib-ation component, show that the activational character that is
rium charge carrie(NCC) lifetimes is photoconductivity re- characteristic of the Shockley—Read NCC recombination
laxation (nonstationary photoconductivitywhich makes it mechanism is absent in the extrinsic conductivity region.
possible to determine this characteristic directly. In combi-This indicates that in this region an Auger mechanism, for
nation with the stationary photoconductivity method, it is which 7,= 7, is the dominant NCC recombination process.
also possible to determine the presence of recombinatiolt is obvious that the fast PC component is due not to the
centers(trapping centepsand attachment centetsThe pull-  predominant electronic recombination but probably due to
ing electric field, which is used for measuring the lifetime of the participation of other competing channels, in which mac-
NCCs, in Hg_,Cd, Te crystals can change the course ofrodefects can play a rol@urface, block boundaries, compo-
photoprocesses. For example, extraction of NCCs from cryssition inhomogeneities, and eXcin addition to the volume
tals is observed for high values of the electric fiéld. NCC recombination channel. For example, in the sample

In most cases the photoconductivitPC) relaxation  with the lower value ofu,, (sample 1, evidently the PC is
curves which are ordinarily used to determine the NCC life-characterized by two exponential relaxation sections because
time consist of severdht least twd exponentials. For ex-  of the high density of scattering centers.
ample, in the case of NCC recombination with the participa-  Curves of the characteristic relaxation time versus the
tion of local center§Shockley—Read recombinatigrwhen  electric field strength with a low excitation level are shown
the lifetime 7, of the nonequilibrium electrons is much in Fig. 3. The relative contribution of each component
shorter than the lifetimer, of nonequilibrium holes, i.e., As/A; (WwhereAs andA; are, respectively, the amplitudes of
T,<7,, a fast electronic component, which is replaced by ahe slow and fast PC componentare also shown. As the
slow hole component, is observed on the PC relaxation curvelectric field increases, the characteristic time of the fast
for short observation times. component decreases and that of the slow component in-
creases. The weight of the slow component decreases. The
relaxation times remain nearly constant for electric fields
E=<1 V/cm. In a more homogeneous sample with low biases,

In this work the PC relaxation curves were investigatedthe PC contains one component that splits into two compo-
as a function of the electric field intensity. Samples withnents as the electric field increases. The amplitude of the
electronic-type conductivity, electron density=3x10*  slow component decreases as a function of the field more
cm 3, and electron mobilityu,=8x10* (sample 1 and rapidly in the homogeneous than in the inhomogeneous
2x 10 cn?/(V-s) (sample 2 were employed. The dimen- samples.
sions of the samples were<GL X 0.3 mm. The photoconduc- Similar changes also occur with a high excitation level.
tivity was measured under the action of &faser radiation  In this case the curve(E) for the fast and slow components
pulses with wavelength =10.6 um and duratiomAt=100 of the inhomogeneous sample passes through a maximum.
ns. Filters were used to obtain low and high levels of photo-The ratioA;/A; as a function of the field does not vary as
carrier generation. much with a high excitation level as with a low excitation

The PC relaxation curve@gvith an electric fieldE=0.1  level.

V/cm in the sampleare shown in Fig. 1. It follows from Fig.
1 that the shape of the relaxation curve is determined n?ﬁ

o - . DISCUSSION
only by the excitation level but also by the characteristics o
the samples. Two exponentials are seen in the relaxation The complicated character of the PC relaxation curves
curves constructed in semilogarithmic coordinategs. 2 and the variation in these curves under the action of an elec-
— fast and slow. The temperature dependences of the NCgic field in the case of an Auger NCC recombination mecha-
(holeg lifetime, estimated according to the slow PC relax-nism can be explained by the presence of nonuniformities in

1. EXPERIMENTAL PART
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FIG. 1. Photoconductivity relaxation
curves of samples (a, ¢ and2 (b, d) with
low (a, b and high(c, d) excitation levels.
The pulling electric fieldE=0.1 V/cm.
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o
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the crystals of the solid solutions klg,Cd,Te. The internal  determined by the diffusioffeeding of macrodefects to the
macrodefects, especially their surface, are a natural sink fdsoundaries and in the simplest cdseflat surface of a mac-
NCC¢ whose recombination rate is higher that in the bulk.rodefecy depends on their density:

Therefore, the change of the photoconductivity signal . =d2/ =D @)
Upd(t) in time t is determined by two channéls— recom- S ps
bination of NCCs in the bulk and feeding of NCCs to mac-where D, is the diffusion coefficient of nonequilibrium

rodefects with subsequent recombination on tRem: holes, andl is the distance between macrodefects. The fast
PC component is determined by the shorter timers—
Updt)=A exp(—t/7,)+B exp(—t/7y), (1) The electric field accelerates the feeding of NCCs to

macrodefects, and the characteristic time of the fast PC re-
where 7, and 75 are the volume and surface NCC lifetimes. |axation component is given by
In the case where the difference in the recombination
rates of NCCs in the bulk and on macrodefects is small, so . =
that the NCC recombination rate on the surface of macrode- " 1+ (7s/d)usE’
fects (s) can be regarded as low, the surface lifetimels

Ts

()

N

S

~\

In (U, , arb. units)

)

FIG. 2. Photoconductivity relaxation curves of sample$111’) and 2 FIG. 3. Field dependences of the characteristic relaxation times of the slow
(2, 2') with low (1, 2) and high(1’, 2') excitation levels. The pulling (1, 2) and fast(1’, 2') components with a low excitation level and also the
electric fieldE=0.1 V/cm. ratio Ag/A; (1", 2") for samples 1 and 2, respectively.
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TV
Trelt ™ 1 (7, /) ok’

wherel is the length of the sample.

As the field increases, the amplitude of the fast compo-
nent also increases because of the dominant role of the NCC
recombination on the surfaces of macrodefects. For high
NCC excitation levels, the surface bending of energy bands
at the interface of the crystal matrix and a macrodefect,
which increases the surface recombination ratealso
changes. Judging from the dependencéofA; on E, this
decreases the contribution of the fast PC component.

In summary, the effect of an electric field on PC relax-
ation in Hg _,Cd, Te crystals is due to a change in the rate at
which NCCs are fed to recombination macrodefects and to a

E, V/em change in the energy-band bending at an interface with mac-
rodefects.
FIG. 4. Field dependences of the characteristic relaxation time of the slow

and fast photoconductivity components with a high excitation level as well
as the ratioAg/A; . The labeling of the curves is the same as in Fig. 3.

4

T, s

¢

507

Where,ua is the amblpolar moblllty of NCCs. Therefore, the S_. M. Ryvkln,PhotoeIectrlc Phenomena in SemiconductansRussian,
Fizmatgiz, Moscow, 1963.

characteristic rglaxa_ltion tim_e of the fast compo_nent de-2a | viasenko and A. V. Lyubchenko, Fiz. Tekh. Poluprovo@s, 1219
creases as the field increasegy. 4). The characteristic time (1994 [Semiconductorg8, 695 (1994].

of the slow component increases because of the decrease ﬁg'zfﬁngog%?& A. J. Syllaios, and M. C. Chen, Semicond. Sci. Tectipl.
energ_y barrlerijba_nd fluctuationsinside the Cr_ySta_l matrlx: 4A. 1. Elizarov, V. |. lvanov-Omski, A. A. Kornniyash, and V. A. Petrya-
For high electric field strengths, NCC extraction Is SUPErM- o, Fiz. Tekh. Poluprovodri8, 201 (1984 [Sov. Phys. Semiconds,
posed on the dependened E). This is more strongly mani-  125(1984].

fested in an inhomogeneous sample. In this case, the eIectri?:V- N. Ovsyuk, Electronic Processes in Semiconductors with a Space-
field decreases the measured lifetime, according to the ~ Char9e Regiorin Russiail, Novosibirsk, Nauka, 1984.

expression Translated by M. E. Alferieff
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Calculation of the size-quantization levels in strained ZnCdSe/ZnSe quantum wells
M. V. Maksimov, I. L. Krestnikov, S. V. Ilvanov, N. N. Ledentsov, and S. V. Sorokin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted December 16, 1996; accepted for publication December 25, 1996
Fiz. Tekh. Poluprovodr31, 939-943(August 1997

The ZnSe and CdSe parameters required to calculate levels in ZnCdSe/ZnSe quantum wells are
determined by fitting to published data. The model is shown to be adequate for the example

of structures with a collection of quantum wells whose thickness and composition were determined
by independent methods. @997 American Institute of Physid$1063-782807)01108-3

1. INTRODUCTION shear deformatiohThe hydrostatic stress due to the hydro-
en§ta’cic deformation changes the difference of the valence- and
Fonduction-band centers of gravity by the amount

ac

Qp

A great deal of attention has been directed in rec
years to the development of optical blue-green-range -V
semiconductor lasers. Since the active region in these de-
vices is a ZnCdSe quantum welQW) or a collection of AE"=2a| 1- C.
guantum wells in a ZnSe matrix, it is of interest to calculate t
the interband optical transition energies. This problem ha¥herea, andag are, respectively, the lattice parameters of
long been solved for the system GaAs/AlGaAs, and the sothe unstrained well material and matri®;; andC,, are the
lution is used, specifically, for determining the thickness of a€lastic constants of the well material, amds the hydrostatic
QW according to the transition energy. However, the systengleformation potential for the bandgap. Shear stress, in con-
ZnCdSe/ZnSe has been studied not nearly as extensivel§trast to hydrostatic stress, affects only the valence band.
indicating a need for further investigations. Here the change in the energy position of the heavy- and

In the present paper we generalize the published data dight-hole bands is different as a result of the difference in
the optical transition energies and use them to determingh€ir symmetry properties. This effect leads to an additional
some physical parameters of ZnSe and CdSe which are ré&plitting of the heavy- and light-hole levels compared to the
quired for calculations. In addition, we grew structures withquantum-well effect. For some ZnCdSe compositions, the
a collection of ZnCdSe QWs, in which the QW thicknessesedge of the light-hole band can lie at a lower energy in the
and composition were determined by transmission electroRW than in the barrier; i.e., a type-1l QW for the light hole
microscopy(TEM) and by growth gauging, respective|y_ The can occur. In this case there is no Iocalizing potential for the
calculation of the transition energies on the basis of the pal.lght hole and transitions occur from electronic levels into a
rameters determined from published data gave good agreétate of the barrier. The changes in the energy position of the

ment with experiment, indicating that our model is adequateheavy-hole band AE;" and the light-hole band AE}")
relative to the degenerate position are determined by

Ci

1/, ey

2. EXPERIMENTAL AES"= sES )
Epitaxial structures were grown in a molecular beam ep-

itaxy system(EP-1203 on GaAs(100 substrates.Elemen- AESh= E[A _ E@ESh_ J(A g+ 6ESM 21 8(SES)2

tal Zn(6N), S&6N), and Cd6N) were used as molecular- ] ) 0 '

beam sources. A cryostat, in which the sample was located in ©)

a helium gas flow at a temperature of 80 K was used fokvhereA, is the spin-orbit splitting and
investigations of the photoluminescen¢@L). A halogen c b
12
1+2—||—-1], 4
Cll)(ao ) @

lamp, whose light was passed through a monochromator, sgsh— _
mator and a cooled photomultiplier operating in the photonerep js the shear deformation potential. Then the effective

was used as the excitation source. A MDR-23 monochro-

counting mode were used as a recording system. band gap in the well for the heaV)ngfv'vh) and light (ngrw|
holes and the band offset are
3. COMPUTATIONAL MODEL nh) A N
. ESM=E_ ,+AEVY+AE,, 5
In contrast to the GaAs/AlGaAs system mentioned 9w oW h® ©
above, the ZnSe lattice parameter is different from that of Ue=(1—Q)(Eg,b—E§ﬁv‘vh), (6)
CdSe. As a result, the structure with a ZnCdSe QW in a off h '
ZnSe matrix is strained. The elastic stresses change the width Un=Q(Egb—Egw). (7)
of the band gap in the deformed material and therefore also
oer Ui=Eqp~Eglu—Ue, (®)

the potential barrier in the QW. In the case of pseudomor-
phous growth, i.e., when the lattice parameter of the QW isvhere Ey, and Ey,, are the band gaps of the unstrained
“inherited” from the matrix, the deformation can be repre- barrier and QW materials, respectively, aQds the relative
sented as a superposition of a hydrostatic deformation and\alence-band offset for the heavy hole. The quantifycan
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TABLE |. Physical parameters of ZnSe and CdSe employed in the calculations.

References Calculation

ZnSe Cdsgé ZnSe Cdsg
ag, A 5.65 (Ref. 2, 5.6676(Refs. 3,4 6.077(Ref. 3, 6.052(Ref. 4 5.6676 6.077
Ey. eV 2.82 (Ref. 2, 2.82 (Refs. 3,5,6,Y 1.9 (Ref. 4, 1.77 (Ref. 5, 1.76% (Refs. 3,6, 1.8 (Ref. 7 2.8T 1.7g¢
Ao, eV 0.43(Ref. 2 0.42(Ref. 2 0.43 0.42
Cyy, 1080 N/m? 8.26 (Refs. 2,3,5,f 8.59(Ref. 4 7.49 (Ref. 5, 6.67 (Refs. 3,4,6 8.26 6.67
Cyp, 10'° N/m? 4.98 (Refs. 2,3,5,5 5.06(Ref. 4 4.61(Ref. 5, 4.63(Refs. 3,4,6 4.98 4.63
a, eV —5.82(Refs. 2,5, —5.4 (Ref. 4, —4.25(Ref. 6 —3.45(Ref. 4, —3.664(Ref. 6 -4 -2.6
b, eV —1.2(Refs. 2,3,4,56 —1.1(Ref. 5, —0.8 (Refs. 3,4,6 -1.2 -0.8
Me /Mg 0.16 (Refs. 3,5,6, 0.14(Ref. 4 0.13(Refs. 3,5,6, 0.11(Ref. 4 0.16 0.13
My /Mg 0.6 (Refs. 3,6, 1.4 (Ref. 5, 0.49(Ref. 4 1.23(Ref. 5, 0.45(Refs. 3,4,6 0.6 0.45
myn /My 0.145(Refs. 3,4, 0.15(Ref. 5 0.145(Ref. 4 0.15 0.145
B, eV 0.35(Ref. 4, 0.75(Ref. 5, 0.26 (Ref. 5, 0.51(Ref. 7 0.45'
Q 0.25(Ref. 4 0.2¢"

Note: #For the cubic modificatiorPFor 5 K. °For 77 K. Fitted parameter.

take on negative values, which corresponds to a type-Il QWrized in Table I. Some parameters are known with an ad-
The parameters for a solid solution in a,ZRCd,Se well  equate degree of reliability, but for others the published data
with compositiornx are determined in a quadratic approxima- differ substantially. We attempted in this connection to sys-
tion for E; and a linear approximation for all other param- tematize the published data on optical transition energies in

eters B is the coefficient of the quadratic nonlineayity ZnCdSe/ZnSe QWspublished data on the thickness and
E —x.E 4 (1—x)-E —x(1-x)B, 9 composition of QWs are presented in Tabledihd to choose
ow g.caset (17%)-Eg znsex(17%) © on the basis of these data the parameter values that give the
par=x-parcgyset (1—X)parznse (10 best agreement between the calculations and the experimen-

tal data. The results of the fitting process are presented in
Table | (the varied parameters are distinguished by large
type). The average disagreement between calculation and ex-
. periment is~15 meV (see Table Il and in some case
+( /@(U_£)> - =tar< /%E) (11) reaches 70 meV. Such a large discrepancy could be due to
- m, 2 h)’ the fact that the error in determining the percentage content
where the plus sign corresponds to odd levels and the minuosf CdSe in the QW can be 1-2 mole %, especially for the

. ) . case of high CdSe content. As one can see from Fig. 1, even
sign corresponds to even levefs; andm,, are the effective . . . :
masses of particles in the barrier and QW, respectitely a small chgnge in the composmon results in a large changg n
disregarded the spatial anisotropy of the masssis the the transition energy, while the depgndence of the trap5|t|on
height of the potential barrier, arid is the thickness of the energy on the thickness of the QW is weaker. Accordingly,

QW. The optical transition energy can then be written we fitted the compositions in the QWSs, keeping the thickness
constant to reduce the diagreement between calculation and

ﬁw:EgﬁW+se+8h(|)—Ex. (12 experiment to a minimum in each cagsee Table I, the

where E, is the exciton binding energy. In the case of acolumn Iabel_ed “calculation for a (_jifferent composition”
type-ll QW it is pointless to talk about a light-hole quantum- The change in the CdSe content did not exceed 1.5 mole %
well level, ande,=0 since transitions occur into a state of IN all cases except for samples 19-22, where we had to

the barrier. In our model we ignored the dependence of th&hange the composition by 7 mole %, indicating a possible
exciton binding energy on the QW composition and thick_s_ystematlc error in the ex_perlmental (_jata. In the case _of the
ness E, can vary from 21 meV for bulk material up te40 fitted compositions the discrepancy i85 meV, which is
meV for a QW less than 50 A thiék However, we em- adequate accuracy. _
ployed different binding energies for heavy- and light-hole ~ TO check the computational model, we grew a structure
excitons: For the “heavy” excitorE,=30 meV and the With a collection of QWs, whose thicknesses were in the
value is lower E,=20 me\) for the “light” exciton be-  ratio 1:2:3:4:5(structureA) and a structure with a collection
cause the reduced mass is smaller and because type-ll QW5 QWs with the same thickness which were separated by
can be realized for light holes, which also lowers the excitorParriers whose thicknesses were 15% less than that of the
binding energy. QW (structureB). Photographs obtained for these structures
by the TEM method are shown in Fig. 2. The thicknesses of
the QWs were determined from these photographs:
(24+2):(48+2):(72+2):(96+2):(120+2) A for struc-

In order to use the above-described model for calculature A and 7G-2 A for structureB. The Cd content was
tions, it is necessary to know the numerical values of theletermined according to the growth calibrations and was
physical parameters of ZnSe and CdSe. They are summaqual to 22-2% in the case of structuré and 13-1% in

wherepar is any parameter excef .
The energy levels in the potential wells are determined
from the transcendental equation

4. RESULTS AND DISCUSSION
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TABLE Il. Published data and calculation of the energies of optical transitions jn, 24 Se quantum wells.

el — hhl, eV el — hl1, eV

Calculations for Calculations for
Sample No. L, A x, % Experiment Calculations different compositions Experiment Calculationsdifferent compositions References

1 28 10 2.703 2.721 8

2 30 10 2.747 2.717 2.747 2.766 2.740 2.766 9

3 30 26 2.580 2.560 2.585 2.646 2.614 2.636 9

4 60 14 2.650 2.631 2.653 6

5 90 14 2.639 2.613 2.636 6

6 120 14 2.629 2.606 2.628 6

7 30 11 2.718 2.708 2.718 2.737 2.733 2.743 3

8 30 16 2.685 2.660 2.687 2.720 2.695 2.718 3

9 70 11 2.658 2.660 2.655 2.685 2.695 2.693 3
10 30 23 2.580 2.590 2.582 2.640 2.6382 .633 3
11 200 11 2.670 2.636 2.665 2.692 2.675 2.701 3
12 70 11 2.640 2.660 2.46 2.695 2.695 2.685 7
13 70 14 2.627 2.623 2.627 2.672 2.665 2.670 7
14 70 17 2.581 2.587 2.582 2.637 2.636 2.634 7
15 70 22 2.514 2.526 2.519 2.594 2.587 2.584 7
16 30 10 2.737 2.717 2.740 2.761 2.740 2.761 4
17 40 10 2.728 2.700 2.726 2.749 2.727 2.749 4
18 50 10 2.717 2.688 2.715 2.743 2.717 2.740 4
19 20 31 2.646 2.575 2.644 2.679 2.626 2.683 4
20 30 31 2.591 2.509 2.590 2.663 2.573 2.640 4
21 40 31 2.536 2.470 2.546 2.604 2.542 2.605 4
22 50 31 2.512 2.446 2.524 2.590 2.523 2.588 4

T v M 1 I v )
> 570k i
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FIG. 1. Computed energies of optical transitions with the participation of
heavy holes as a function of the quantum-well thickness for different com+IG. 2. Photographs obtained by transmission electron microscopy of struc-
positions. turesA (a) andB (b).
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FIG. 3. Photoluminescence spectra from structr@) and photolumines-
cence excitation spectrum from structi@éb). The spectra were obtained at

in good agreement with the experimental val@d® large
discrepancy in the case of a narrow Q@4 A) can be ex-
plained by an increase in the exciton binding energy, whose
dependence on the thickness of the QW we ignprétie
degree of agreement shows that this model with the param-
eters from Table | can be used for calculations. However, the
parameteq is determined with a low accuracy, because the
value of this parameter has virtually no effect on the energy
of transitions in which the first few levels participate. There-
fore, the excited states must be taken into account in making
any further improvements to the model.

5. CONCLUSIONS

The published data on the optical transition energies in
ZnCdSe/ZnSe QW were analyzed. On the basis of this analy-
sis values giving the best agreement between the computa-
tional model and experiment were obtained for some physi-
cal parameters of ZnSe and CdSe. The model was also
checked with use of structures, which we grew, with a col-
lection of QWs whose thickness and composition were de-
termined by independent methods.
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see from the figure that the computed transition energies areanslated by M. E. Alferieff
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Calculation of the trapping of hot electrons by repulsive centers under the conditions
of a needle-type distribution function

Kh. Z. Kachlishvili, Z. S. Kachlishvili, and F. G. Chumburidze

Thilisi University, Georgia
(Submitted June 17, 1996; accepted for publication January 15) 1997
Fiz. Tekh. Poluprovodr3l, 944—946(August 1997

The trapping coefficient of hot electrons repelled by a Coulomb center is calculated explicitly for
a needle-shaped electron distribution function under conditions where the effective trapping
cross section, along with the Sommerfeld factor, depends exponentially on the energy of the
electron which has tunneled through the barrier. The criteria under which the effective
Bonch—Bruevich cross section is valid are obtained. 1897 American Institute of Physics.
[S1063-78287)01308-2

The recombination of hot charge carriers on like-chargegime due to an elastic-scattering mechanism, &nd the
centers has been studied extensivelye, Refs. 1 34In all  electric-field intensity. The fourth inequality in Eq.(1)
these studies an expression was employed for the trappirghould hold in the “active” energy regiofi.e., for electron
probability that was first obtained by Bonch—Bruevich. energyw>wy=%w,) and the third inequality should hold in
However, the development and improvement of the existinghe “passive” regionw<<wj,.
theories have induced us to revisit this problem. As is well known, the hot-electron distribution function

In Ref. 5 it was shown that in the case of an electronnormalized to the hot-electron densityis given in this case
trapped by a repulsive center the trapping probability withby the expressioh
the Sommerfeld factor should depend exponentially on the
energy of the electron which has tunneled through the bar- f(p)=2¢(w)d(coso—1), @

rier. In Ref. 5, jUSt as in Ref. 1, in a calculation of the trap-where g is the ang|e between the electron momenmmd
ping coefficient in the electron-temperature approximation ithe applied electric field.

is shown that taking this dependence into account changes Taking into account that electrons only arrive in the
the electronic temperature to an effective electronic temperagpassive” region and only leave the “active” region, and
ture. The latter temperature contains a parameter of the ceBplving Boltzmann’s equation, we obtain the following ex-
ter which is of the order of the reciprocal of the phononpression for the distribution functioa(w):3

energy. In the case where the electronic temperature is much

lower than this energy, the result of Ref. 5 is identical to the wt, w<fwg,
the result obtained by Bonch—Bruevith. o=N ) d(y) (3)
In Ref. 6, the trapping coefficient is calculated under the wo EX%T , W>lhwo,
conditions of transverse runawéyR) of hot electrons, tak-
ing into account the dependence mentioned above. Accord- . L eEmo
hereN is a normalization constani;= , and the

ing to the results obtained in Ref. 6, near the threshold for'! mh wg
TR the exponential factor plays an important role in the ef-function ®(y) is given by the expression
fective trapping cross section, while far from the TR thresh-
old the effective cross section obtained by Bonch—Bruevich P(y)= m_m( \/§+ \/yTl), y= ﬂ_ (4)
is a good approximation. Wo

In Ref. 3 the trapping coefficient was calculated for a

o : ) . The trapping coefficient is
hot-electron distribution with the maximum anisotropy. ppIng

Naturally, this raises the question of how the result obtained p
in Ref. 3 changes when the aforementioned dependence is Cn:ﬁf dpf(p) - o(w), ®
taken into account. In the present paper we investigate this
question. wherea(w) is the effective trapping cross section. Using the

A needle-shaped distribution of hot charge carriers igesults obtained in Refs. 1 and 6, we can represeint the
obtained when the following inequality is satisfied: form

D D ey 2mwz€ 1 -1 T my?
TesT, —2>1, —2 <1, 1y<r, @ TW=w (W) exp =727~ &p =5
eEry eEr 6)

where To=7%wy/k is the excitation temperature of optical where v, is a parameter of order unity¥ (w) is a slowly
phonons,T is the temperature of the crystagly is the mo-  varying function of energyz is the charge of the repulsive
mentum of an electron with enerdyw,, 7o is the character- center in units of the electron charges p/m is the electron
istic emission time of optical phonons, is the relaxation velocity, ¢ is the permittivity, andr; is the tunneling timé.
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In accordance with what we have said abavéy) contains,

in addition to the Sommerfeld factor, an exponential factor

that depends on the energy of the tunneled electron.
Using Egs(3) and(6), we can represent E¢p) the form

2m
Co=—We'N(C1+Cy), (7)
where
1 expl—
Ci= f Yo 1 (woy) YY) ®
0 exp y/\/)—/)—
o ex — yoy —P(y)/v]
C,= f y o~ M (woy) . dy, (9
1 exp(y/\y)—1
27z € ) .
y= hvg’ vo=271Wo/h, andvy is the velocity of an elec-

tron with energywy,.
It is obvious thatv<1 [the second inequality in EgéL)]

and thaty>1. We then obtain for the normalization factor

andC, the expressions

_(2mh)®n | r(5/3)/3v)2’31
2wl?2m)¥ 2 \2 ’ (19
C1=2¥(Wo)y * ex{ — (y+y0)]. 11

We shall calculat€, by the steepest-descent method. Of thedoubly charged center.

E
“(E)Z(’ 3)
X ex 3,7 B PIRL : (13
where
3 _
Com (2mh) CLONP )Vo,l,zq,(ﬁwo)exri (7+70)].

(2 )1/2 Y
(14)

In the case wher’yo< , the expression§l3) and (14) are

identical to the results of Ref. 3.

We shall now make some speculative estimates so as to
clarify the conditions under which the last factor in the ex-
pression(6) can be disregarded. Accordingly, we rewrite the
inequality in the form

T3/
0

Tl>_Té’2’ (15
where

T _Eg 72 mé _h

K T Kz K

In the case oh-Ge the inequalitf15) assumes the form
T,>260 K for a singly-charged center afid>130 K for a
In the case ofSi we have

different possible ratios of the parameters, the realizabld;>340 K andT,;>170 K for singly and doubly charged

cases arey>1, v<1, so that the inequalityy/2<1 would

hold. When these inequalities are satisfied, in order to find an
equatiorcenter increases, the dependence of the effective trapping

approximate solution of the transcendental
f1(yo)=0 near the boundary of the active regigr=1,

where
45}

D(y)
f1(y)=yoy + T+ln

centers, respectively.
In summary, as the charge multiplicity of the trapping

cross section on the energy of the electron which has tun-
neled through the barrier becomes weakerT|f~10° K
(Ref. 6, we clearly see that for Ge and Si wit+=2 the
effective Bonch-Bruevich trapping cross section is a good
approximation.

The results presented |n the present paper, just as the

conditions, for the f|eld§< Ey we obtain

E Z(l_zﬁ)Z
’y b

=14+ _
Yo 1 V EO

2
Y
2 '}’0) =1+

whereEy= (2% wg)/(evqyryy), and forC, we have

exd —(y+ E

czz4ﬁwhwo>\/‘%—yo S ARTIL (; ME—O
4 [E\? 3

Xexr{37<EO) ( ) .

Substituting the expressionié0)—(12) into Eq. (7), we ob-
tain the following expression for the trapping coefficient:

5
r § 3 2/3 E 2/3
e 15 |

Y

5 Y0 (12

-1

Y

805 Semiconductors 31 (8), August 1997

fields
200 V/cm< E< 400 V/cm.

V. L. Bonch-Bruevich, Fiz. Tverd. Teld_eningrad 6, 2047(1964 [Sov.
Phys. Solid Staté, 1615(1964)].

2V. L. Bonch-Bruevich and S. G. Kalashnikov, Fiz. Tverd. Télanin-
grad 7, 750(1965 [Sov. Phys. Solid Staté, 599 (1965].

3V. L. Bonch-Bruevich, Z. S. Kachlishvili, Vestn. MGU. Fiz., Astron., No.
5, 580(1974.

4Kh. Z. Kachlishvili and M. G. Mironov, Tr. Thil. gos. un.-t291 (28), 37
(1989.

5V. N. Abakumov, V. Karpus, V. I. Perel’, and I. N. Yassievich, Fiz. Tekh.
Poluprovodn22, 262(1988 [Sov. Phys. Semicon@2, 159 (1988].

67. S. Kachlishvili, Kh. Z. Kachlishvili, and F. G. Chumburidze, Fiz. Tekh.
Poluprovodn30, 74 (1996 [Semiconductor80, 141 (1996)].

1. 1. Vasilyus and I. B. Levinson, Zh. l&p. Teor. Fiz.50, 1660 (1966
[sic].

Translated by M. E. Alferieff

Kachlishvili et al. 805



Properties of tellurium-doped gallium antimonide single crystals grown from
nonstoichiometric melt

A. E. Kunitsyn and V. V. Chaldyshev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

A. G. Mil'vidskaya and M. G. Mil'vidskit

State Institute of the Rare-Metals Industry, 109017 Moscow, Russia
(Submitted December 27, 1996; accepted for publication January 17) 1997
Fiz. Tekh. Poluprovodr81, 947—949(August 1997

The electric and luminescence properties of tellurium-doped gallium antimonide single crystals
grown from gallium-enriched melt by Czochralski’'s method have been investigated. It

was determined that the crystals possesgpe conductivity and are strongly compensated. It

was found that toward the end of the ingot the concentration of the impurity tellurium

increases more rapidly than that of the compensating acceptors. The possibilities of obtaining the
properties of GaSb single crystals by growing the crystals from nonstoichiometric melts

followed by heat treatment of the material are discussed.19897 American Institute of Physics.
[S1063-78267)01408-1

Moving away from stoichiometry in growing single the standard technology with a stoichiometric melt. The sec-
crystals and epitaxial films of [lI-V compounds is an effec- ond crystal was grown from melt with a gallium excess of 1
tive method for controlling the properties of the material, at. %. The tellurium content in the melt was same in both
since then it is possible to control the dopant distributioncases. Growth was conducted in the crystallographic direc-
factors and to form composition- and concentration-tion (100) on a seed crystal with dislocation density not ex-
optimized ensembles of intrinsic point defects. For galliumceeding 2107 cm™ 2.
antimonide, such effects have been studied in greatest detail The electrical parameters were investigated by the van-
in the case of layers grown by liquid-phase epitaxy. It wasder-Pauw method at 77 and 300 K on a series of plates cut
determined that switching from the standard gallium solvenfrom different parts of the ingot. The photoluminescence
to fluxed solutions based on the isovalent impurity(8ith (PL) of the same plates at a temperature of 4.2 K was also
Ga and Sb present in the stoichiometric propoptidrand to  investigated. An Af laser, a grating monochromator, and a
antimony-enriched fluxed solutions substantially changes thgermanium photodetector were used for the PL investiga-
electrical parameters of the epitaxial laygfsin particular, tions. The spectra were recorded with a resolution of no
even the type of conductivity was found to change in tin-worse than 5 meV.
doped GaSb filmé. The structural perfection of the crystal was checked by

The admissible deviations of the composition of the lig-means of selective etching and transmission electron micros-
uid phase from stoichiometry are much smaller when grow<opy. These investigations did not show any large precipi-
ing GaSb single crystals than in the case of liquid-phaséates which could be observed in the crystals grown with a
epitaxy. Changes in the properties of the crystals grown arkarge excess of gallium in the mé&ltOnly single clusters,
nonetheless possible even in this case. In particular, it can keeveral nanometers in size, were observed. The dislocation
expected that when growing tellurium-doped single crystalsdensity in the crystals investigated did not exceed1®®
the distribution factor of the donor substitution impurity cm™ 2.

Teg, Will increase when the melt is enriched with gallium. The GaSh:Te crystals possessedype conductivity.
Other conditions remaining the same, this should result in &he electron mobility and density in different parts of the
higher charge carrier density in the doped ingot. The electriingot at 300 and 77 K are given in Table I. It is seen that the
cal parameters of the crystal grown can also be influenced bglectron density increases toward the end of the ingot. This
the changes which are produced in the densities of the intrintype of variation of the electron density along the ingot is
sic point defects of the lattice as a result of a deviation fromdue to an increase in the tellurium concentration in the single
stoichiometry. Furthermore, the possibility that the excesgrystals, since the distribution factor of this impurity in GaSb
component will precipitat® which can also affect the prop- K1.<1. Figure 1 shows comparative data on the electron
erties of the material, must also be taken into account. density distribution along the control crystal and the crystal

In the present study we investigated the effect of a degrown from gallium-enriched melt. The electron density is
viation from stoichiometry(excess gallium in the meglon  obviously lower in the latter case. In both crystals the elec-
the electrical properties and photoluminescence of telluriumtron density increases toward the end of the ingot, but the
doped GaSb single crystals grown by the Czochralskincrease is much stronger in the crystal grown from non-
method. stoichiometric melt than in the control crystal.

Two tellurium-doped GaSb crystals 60 mm in diameter  Figure 2 shows the PL spectra for different parts of these
were grown. One crystdthe control crystalwas grown by  crystals. A single wide line is observed in all spectra. The
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TABLE |. Mobility and electron density in different parts of a GaSb:Te single crystal.

] Electron density, ci® Electron mobility, crd/(V -s)

Distant from the start
No. of the ingot, mm 77K 300 K 77K 300 K
1 15 4.0<10" 2.0x10Y 4.2x10° 3.0x10°
2 45 3.8<10Y 2.1x10Y 4.7x10° 3.3x10°
3 70 5.0<10' 2.8x10 5.3x10° 3.3x10°
4 110 8. 10" 5.0x 10" 6.1x10° 3.1x10°

maximum of this line is strongly displaced into the region of pensation is indicated by the increase in the electron mobil-
lower energies relative to the band gapin undoped GaSb. ity, which occurs simultaneously with an increase in the
This form of the PL spectrum is characteristic of stronglyelectron densitysee Table)l
doped, compensated semiconductors and is due to radiative In summary, our investigations have shown thaype
transitions of carriers from the conduction band into theGaSb crystals grown by the Czochralski method and doped
valence-band tail and transitions between band tails. Theith tellurium up to the leveh=3x10'"—1x10'® cm3
shift of the PL line relative td, is greatest in the spectra of are strongly compensated. The gallium excess in the initial
samples cut from the initial and middle sections of both crysimelt (1 at. %9 results in a higher density of compensating
tals and reaches ~80 meV. Such a large value &f shows acceptors, and in the experimental density range this effect
that the control and experimental GaSb:Te crystals are ngiredominates over an increase in the density of the Te donor
only strongly doped but also strongly compensated. impurity in the crystal. Appreciable precipitation of excess
In the spectra of samples cut from the end portions of theyallium was not observed.
ingots,A decreases but the PL is also broadened some more. The fact that the degree of compensation decreases at the
This shows that the density of Te donors and compensatingnd of the crystal apparently indicates that a compensating
acceptors increases. The increase in the tellurium density t@cceptor center forms in the ingot during post-crystallization
ward the end of the ingot, as noted above, is due to the lowooling of the ingot in a definite temperature interval. When
value of the distribution factor of this impurity in GaSh. The growth has stopped, the end of the crystal cools most rapidly,
chief acceptor in gallium antimonide is a so-called “natural” which strongly suppresses the formation of a “natural” ac-
acceptor — an isolated antistructural defect;{@ a more  ceptor in this part of the ingot. This acceptor center is prob-
complicated complex that includes Ga’ It was shown in  ably due not to an isolated intrinsic point defect but rather a
Ref. 6 that when GaSb single crystals are grown from meltgomplex of which it is a constituent. The degree of compen-
enriched with gallium, the density of this acceptor increasesation of strongly doped-type GaSb crystals can be effec-
toward the end of the ingot as a result of the accumulation ofively influenced and the maximum achievable electron den-
excess gallium in the melt. However, the acceptor densitgity and electron mobility can be increased by regulating the
increases more slowly than the Te donor density. This igpost-growth cooling rate of the crystal or by subjecting the
indicated by measurements of the electron derisitg Table ingot or the plates cut from it to subsequent heat treatment.
| and Fig. 3 and by the shift in the PL line into the short- We thank N. A. Bert and A. A. Kalinin for performing
wavelength region, probably because of the shift of thethe electron-microscopic investigations. This work was spon-
Fermi level into the conduction band. The decrease in com-
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['enyth’ nm FIG. 2. Photoluminescence spectra at 4.2 K for samples cut from different

parts of a tellurium-doped GaSb single crystal grown from gallium-enriched
FIG. 1. Free-electron density distribution along a tellurium-doped GaShmelt (1-4). The numbers of the spectra correspond to the numbers of the
single crystal grown from gallium-enriched mél) and in a control crystal samplesin Table ', 4 — PL spectra of samples cut from the correspond-
grown by the standard technolod®). ing parts of the control single crystal.
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Dependence of the resonant conductivity of symmetric double-barrier structures
on the amplitude of rf field

E. I. Golant? and A. B. Pashkovskil

Scientific-Research Institute “Istok™, 141120 Fryazino, Russia
(Submitted March 5, 1996; accepted for publication January 20,)1997
Fiz. Tekh. Poluprovodr31, 950—953(August 1997

An analytical expression for the rf amplitude dependence of the conductivity in a symmetric
double-barrier resonance-tunneling structure with high, thin barriers under conditions

of collisionless electron transport is found on the basis of the solution of a nonstationary
Schralinger equation describing the resonance interaction of electrons with the rf field. It is shown
that under the action of a rf field with frequeneay and amplitude approximately

corresponding to triple the width of the resonance level, up to half of the electrons passing
through this level can be transferred, emitting or absorbing a quantum of ehergynto a
neighboring level. ©1997 American Institute of Physids$$1063-7827)01508-]

The study of electron transmission through quantum-p,. Let us assume that a uniform electric field, which varies
well structures in rf electric fields of infinitesintand finit¢  in time as& coswt=E(&“'+e '), where£=2E, is applied
amplitudes is very important from the theoretical standpointo the structure. For definiteness, let the electrons move from
and for applications. Starting with the basic sttidyd the left to right. Taking into account the assumptions made
discovery of the high oscillator strengths of intersubbandabove, we can then write the nonstationary Sdhrger
transitions in double-barrier resonance-tunneling structuregquation in the form
(DBRTS)* many suggestions have been made for using such

» : ) . o a h? &

transitions for -mfrared range Ia5|ﬁ.§. However, th.IS idea iﬁ_‘ﬁ:_ —w+a5(x)¢+a6(x—a)¢

has been realized only comparatively recently in the so- at 2m* gx2

called quantum cascade ladewhose rapid improveméht

makes it a very promising radiation source. THX D, 2

The calculation of devices operating on intersubband
transitions is ordinarily based on the assumption of succes-
sive tunneling of the carriers of a phonon-assisted current. +e ity
At the same time, as shown in Ré&f , intersubband transi-
tions in a coherent-tunneling regime, where the lifetime o ) - ;
electrons in each level of a quantum well is determined nofnd (X) is the unit step function. .
by phonon scattering but rather by tunneling through a bar- _ It iS Well known that the transmission coefficient of a
rier which should be quite thin in this case, could have in.DBRTS has a distinct resonance character, and that for sym-

teresting device applications. The characteristic features gPetric structures with thin barriers the magnitude of the
the resonance interaction of electrons with an rf field inWave Vector, which determines the resonance levels on

DBRTS with high and thin barriers have been investigated ivhich th? transmission coefficient eqt;f?los, 1 is found from
Ref. 10 in the low-signal approximation. Simple analytical the solution of the transcendental equatfon

H(x,t)=—qE{x[ 8(x)— 8(x—a)]+ab(x—a)}(e'"

fHereq andm* are the electron charge and masas; b,

expressions were obtained for the width of a resonance level K72 ok
and the monoenergetic resonance conductivity of a symmet- tanka=— =— )
ric DBRTS as a function of the size of the quantum well, the am* y

barrier thickness, and the frequency of the field. At the SAME .o we have introduced. for convenience. the notation
time, it is very important to find the dependence of the in- —om* alh2. Let the electrbns pass through tmh reso-
tensity of the resonance interaction on the amplitude of the r¥nance Ieve(fér definiteness, we call it the ground statéhe
flel_d_ltself. This makes_@ possible to determine the quantumunperturbed electron wave functiofy,, normalized to one
efficiency of the transitions. The well-known methods for .

: . ) - . electron, will then have the form
calculating electron transport in DBRTS in a finite-amplitude
rf electric field!! are based on numerical algorithms and expikx+Dgy exp —ikx), x<O;
suffer from a lack of physical clarity. For this reason, it is of
interest to obtain simple analytical expressions for the wave )
functions of electrons in a DBRTS, as done in Ref. 10, as a Co expik(x—a), x>a.
function of the amplitude of the rf field. It should be noted

hat it is onl ot hanical I fHere k=(2m* e/42)%'? is the wave vector of the electrons
that it is only rarely that a quantum-mechanical problem Ofyit energys, which are incident on the structure, and all
this kind can be solved analytically in a closed form.

. . _ other parameters are
Let us consider a symmetric double-barrier structure of

width a with thin (5-like) barriers of thicknesb and height Ap=Yy/k+i, By=1, Co=~(—1)N*1 Dy=0. (4

Yo(x)=1 Ao Sinkx+Bg coskx, 0<x<a; (3
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Then, as shown in Ref. 10 , if the frequency of the rf field qEY

corresponds to transitions to theh level, then a resonant Bi~Dj.~(—1)L"1C .~ o

interaction of electrons with the rf field will be observed. m* oK.

Assuming the amplitude of the field to be small, we seek the
S . : qEy?

solution in the form of a perturbation series. Aj~— ", (7)
In first-order perturbation theory the correctign to the T im* 0%k

wave function of the ground stattes if N—L is odd, and these coefficients are smalNif-L is

Y=y, (X)e (@t elty g (x)emi(wo— ot even(see Ref. 10 for a more detailed account
' Inside the structure (€x<a) the first-order correction
wherewy=e/f. The functionsy.. for this problem have the to the wave function has the form

form ey
Y1 (x) b0~ Yink.atcoskea).  ®

im* wzki K.

Dy exp(—ik+x), x<O0; Here the fact that sincg>k. and y,.(X) contains terms
=1{ Ap+ SinkeX+Bj+ coskix+x;+(x), 0<x<a, with powers of the ratig//k. no higher than 1, the contri-
bution of x;+(x) to the correction to the first-order wave
function, just as the contribution gf;.(x) to the partial
) solution of the equation for the second-order correctsee
Ref. 14), is small. Moreover, sincéC,.|>|P;.| and the
function f,4, which containsP;., does not make a large
qEa contribution toy4. , here and below the terms of the type
ke =[2m* (0ot 0)/A%]Y%, P.=*——g(a), P exi{k(x—a)] will be neglected. Sinca,~y/k, it is obvi-
ous that inside the structure the first-order correction to the
X1 (X) = T QExgo(X)/h 0+ EgH(X)/m* w2 ground-state wave function has the same form as the ground-
state wave function. Therefore, repeating the above-
are partial solutions of the corresponding equations fodescribed procedure for finding the corrections to the wave
¥+, 1213 and the system of equations for determining thefunction and taking into account the fact that only the func-

Ci+ expik.(x—a)+ P+ expik(x—a), x>a,

where

coefficientsA; . , B;., C;~, andD;. has the forn? tion ¢, _(x) contributes to the second-order correctidrihe
ground-state level lies above the resonance level into which
1 0 -1 0 the electron passgsr i, (x) (if the ground state level lies
ikei—y k. 0 0 below the resonance leyebnd all other components are
0 sink.a cosk.a -1 small, we obtain
0 —k. cosk.a k. sink.a ik.-y D, exp(—ikx), X<0;
D,. ) Ua(x)~1{ Az sinkx+B, coskx, 0<x<a; (9)
C, exdik(x—a)], X>a,
Ali f2
X B || 1| 6  where
2
Ci- f E 4
= ) Bz~Dz~(—1)L“cz~—( = %
where m* e -
f f gE |* y°
:Xi(o)v :_XL;(O)! ~ —
1 2 A, 7] (10

H !

fo=Pe=x=(@), t=ly=Tk)PeFx:(a). Here, just as in the preceding case, only terms containing the
For sufficiently strong barriersyék.) and a wave vector maximum powers of the parametgtk are taken into ac-
corresponding to a resonance level the determinant of theount. One can see that inside the structure the second-order
system(6) becomes smallAwZiki(—l)'-“, and in the correction to the wave function of the ground state also has
case of transitions to a nonresonance level iAisk.y. the same form as the ground-state wave function. Hence we
Therefore, the probability of transitions only between twoobtain immediately
levels is substantial for narrow resonance levels. For this _ o aL+l~

: e Bs.~D3.~(—1)"""Csz.~

reason, in what follows, we shall study transitions only be-

tween the ground state and the upper resonance (dvel qEY? / qE 2 a
plus sign+) or the ground state and and a low#re minus T 2 v 2] Kk’
sign - resonance level. im* k.| m* o *
Fory<k. , using only of the terms with the maximum qEY? / qE 2 y*
powers ofy, we find, from the syster(6), for the coefficients A~ —- > 2] Kk (11
of the wave function(5) the expression m*w k:\ m” w *
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Comparing Eqgs(4), (7), (10), and(11), it is easy to see that The expression is valid foe<1 or for a field amplitude
if the procedure described above for obtaining corrections tdelow the critical value

the wave function is continued and the corrections are 4 2 1

summed, then the coefficients of the wave function on each < _ N e®a(LN) (20)
of the resonance levels can be represented as a constant and K 2qm* o?a '

as a sign-alternating series ) ) )
Let us rewrite the expression farin the form
1-z+22=2°+ ... +(-1)" 12",

2/ 2 \2
where 7= aEa\’f y ) LN
E |2y hw knkL/ 72(N2—L2)2
q y
z=(— =, (12 2 272
2 Ea 64L“N
m* w2 kks _(qEa) (21)

o ] T rr 4N2_ 1 2)4'
which in the region of convergende|<1 represents the NTL(NT-LS)
expansion of the function 1/(&2) in powers ofz. There-  wherel'y andT', are the widths of the resonance levéihe
fore, the electron wave function for the present problem hagritical rf voltageu= qea applied to the DBRTS, which cor-

the form responds te=1, is found from expressiof1) as
y=gn(x)e 10+ gy (x)e (o= (13 L o (N2—12)?
where u= (W)™ =g g (22
(1+2z)expikx) —z exp(—ikx), x<O0; Hence the following criterion for the applicability of E(L8)
lﬁm(x)=—1 x{ Ag sinkx+Bg coskx, 0<x<a; can be given for neighboring resonance levels with large
1+z c Lo . numbers, whed' =T =T
o exdik(x—a)], x>a;
(14 qea<m?l/2.
Di. exp(—ik.X), x<O0; The parametery(k)? shows by what factor the squared
P (X) = 1 x{ A sink,+By. cosk.x, 0<x<a; wave function at a level is .greater.thgn the squared wave
1+ function of the electrons which are incident on the DBRTS

Cis exflik:(x=a)], x>a. and — for a unit(symmetric structure!static transmission

(15 coefficient — electrons which have passed through the
For wave functions of the forni13) the dynamic con- DBRTS. Therefore, the average numiigg of collisions an
ductivity at the frequency is determined by the difference electron makes with the barriers in the leebefore leaving
in the fluxes of electrons, which have absorbed and emitted ghe structure can be estimated Rg~(y/k)?/2, so that the

quantum of energyiw and which have left the DBRTS: maximum admissable value=1 [in accordance with Eq.
2 (21)] is attained at
o= 2aE—2m*[k+(|C+|2+ |D+|2)_ k—(|C—|2+ |D—|2)]- u(prL)l/Zz Wﬁw|N2— L2|/2(N |_)1/2_

(16 For the neighboring resonance levéls-L + 1, so that

In Ref. 10 it was shown that for monoenergetic electrons 12
with densityn and transitions between resonance levels a UPNP) = Tho.
wave function of the fornt5) leads to the following expres- This means that the seriés2) converges when the classical
sion for the weak-signal active conductivity of a DBRTS interaction energy of the electrons interacting with an alter-

nating field over a distance equal to the average geometric
[1—(—1)N"L. (17)  tranvel distances of electrons along resonance levels does not
mLA%w? exceed the spacing between the levels by more than a factor

From the relationg15) we can therefore write the following of 3it' byi that th litude i T
expression for the dependence of the conductivity on the IS obvious that the amplitude 1S very smai for har-

amplitude&E=2E of the rf field, since there is no difference row Ievlels, |am:| that this calculation is ?ppllcE?ble totnr:y for
between transitions from the upper level to the lower leveNA/TOW IEVEIS. HOWEVET, as one can see rom(&g), at this

; . amplitude the reflection coefficient of the DBRTS is
and vice versa: - - :
Z’/(1+2)?=0.25 and the transmission coefficient is

89°m* a’n 2 NL 1/(1+ 2)?=0.25, so that the field transfers exactly half of the
YT ICE [1-(=D" "], (18 electrons in the incident flux to a different energy level; the
7L w . .
fraction of the transferred electrons is equal to
wherez is expressed in terms of the amplitude of the field1— (1+2z%)/(1+2)2. It is maximum exactly az=1 and it
and the barrier strength as starts to decrease for field amplitudes greater than the critical
amplitude(20). The latter assertion is valid on the strength of

89°m* a’n
oy~ t——————

1

1+z

2 *\4 4.2
7= qE 4(m*)"a"a _ (19 the fact that the solutiofil3)—(15) can be continued analyti-
m*w?)  #87?LN cally beyond the convergence radius of the seflss.
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At z=1 we obtain the most interesting region, from the e-mail: golant@fod.fian.msk.su
practical point of view, in which the maximum number of
electrons effectively interacts with the rf field. Although the
active conductivity decreases to one-fourth the maximum
value in this case, it remains sufficiently high, say, for effi- | ,
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level, where the static reflection coefficient has its lowest Hutchinson, S.-N. G. Chy, and A. Y. Cho, Appl. Phys. L&8, 3680
value — in our symmetric case zero — so that all electronsg(199g- | hkovskiand A. S  Tekh FBO
; E. l. Golant, A. B. Pashkovskiand A. S. Tager, Pis’'ma Zh. Tekh. FR0,
pass stra|gh_t thrpugh the DBRTS. As the energy of the 74.(1994 [Tech. Phys. Lett20, 886 (1994)].
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Temperature dependence of the electrical properties of polycrystalline silicon in the
dark and in sunlight

K. M. Doshchanov

Physicotechnical Institute Science and Industrial Union “Phys&sn,” Uzbekistan Academy of Sciences,
700084 Tashkent, Uzbekistan

(Submitted July 8, 1996; accepted for publication January 20,)1997

Fiz. Tekh. Poluprovodr31, 954—956(August 1997

The electric resistance and effective carrier mobility in polycrystalline silicon are calculated as
functions of temperature and the photoexcitation level. The theoretical results are in
agreement with existing experimental data. 1®97 American Institute of Physics.
[S1063-782807)01608-9

Interest in the photoelectric properties of polycrystalline Ve Vg
silicon (polysilicon has recently increased because of the  Ng exp( - k_T> —exp( - ﬁ”zGTn, (2
increasing use of this material for solar celége the bibli-
ography in Refs. 1 and 2 and the detailed critical analysis ofvhere the left-hand side determines the increase in the elec-
this problem. A new theory of recombination and charge tron density at the tops of the intercrystallite barriGasthe
transfer in photoexcited polycrystalline semiconductors hasurrent-flow level, V =e?nZ/8z¢sNq is the height of the
recently been proposédn the present paper we show that intercrystallite barriers during photoexcitatioB, is the rate
this theory is in agreement with the experimental results oPf photogeneration of electron-hole pairs, angdis the life-
Ref. 4 , where the first investigations of the temperature detime of nonequilibrium electrons at the tops of the intercrys-
pendence of the electrical characteristics of polysilicon in thdallite barriers. If the conditioh ,>ns/Ny is satisfied, where

dark and in sunlight were performed. L, is the diffusion length of the minority carriers in the vol-
Just as in Refs. 1-3, we shall examine a model polycrysume of the grains, we have

tal consisting of identical cubic grains doped with a shallow L2 [ VAR

donor impurity with densityNy. Acceptor-type boundary = P +—F ex% ——SH , 3

states(BS9 distributed over energf with surface density V”S”(Ns_ns)l VpSpNs kT

N(E) are present at the grain boundaries. Trapping of elecwherer,(v,) is the average thermal velocity of the electrons
trons from inside the grains into boundary states results itholes, S,(S;) is the cross section for trapping an electron
the formation of intercrystallite potential barriers, which (hole in a BS, Ny is the total density of BSs,
limit electron transfer from one grain into another and theyl=L (a+1)/(a— 1)+4L,2J/d; here a=exp@d/L,) andd is
also function as recombination barriers in the photoexcitationthe grain size; an®,, is the hole diffusion coefficient.

of the polycrystal. We shall model the electron scattering  The estimates show that fity> 10 cm™2 and photo-
directly by the grain boundary itself using the square potenexcitation levelsG=<1 sun (1 sun= 10?°cm 2 -s™%; Refs.
tial barrier of heightv,, and widthé (¢ is the “thickness” of 1 and 3, the contribution of the minority carriers to charge
a grain boundany’®® In Ref. 2 , toobtain agreement be- transfer is negligible. According to Ref. 3, the resistiyitpf
tween the theoretical dependences and the experimental dadgoolycrystal is determined by the expressions

of Ref. 4 , it wassuggested tha¥,, depends on the tempera-

ture of the sample. This assumption is superfluous in the p= ! +i, (4)
theory which we are examining here. eupNg ¢
In the equilibrium state we have 2y f*d
n

0= [ 2D+ S(Ns= )]

EC
Ngg= JE N(E)f(E—Fg)dE, (1)

v

X

Gr+N, exd — 2 (5)
Th d KT/ |

whereng, is the equilibrium density of electrons trapped in €€ #n IS the electron6m0b|l|_ty.|n the volume of the grains,
BSs, f(E-F) is the Fermi-Dirac distribution function, f iS @ modeling f_acto?; andD, is the integrated transmit-
F=E.—Vg—KkTIn(N./Ng) is the position of the Fermi level tance of the grain boundary for electrons. The temperature

at the grain boundaries, andsy=e2nZ,/8¢ e Ny is the equi- ~ dependence db, is determined by the expression

librium height of the intercrystallite barriers. All other nota- V. (1 v v

tion is standard. Dn:k—-T-J' exr{—a 1—§—k—_'|14d§—ex;{—k—_;),
The trapping of holes in BSs during photoexcitation of a 0

polycrystal results in a lower density, of electrons local- 6)

ized at grain boundaries. The dependencaobn the pho- where a=4#75J2m*V,/h, m* is the electron effective
toexcitation level can be determined from the equdtion mass, andh is Planck’s constant. The first term in E@®)
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FIG. 1. Temperature dependence of the resistivity of polycrystalline silicon
1—inthe dark G=0), 2 —in sunlight G=1 sun). Dots — experimental
data of Ref. 4.

determines the electron tunneling current through the scatter-

trons in polycrystalline siliconl — in the dark G=0), 2 — in sunlight
(G=1 sun). Dots — experimental data of Ref. 4 .
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FIG. 2. Temperature dependence of the effectidall) mobility of elec-

It should be noted that the interpretation proposed in

ing barrier of a grain boundary, and the second term deterRef. 2 for the experimental results of Ref. 4 is doubtful. The

mines the above-barrier current.
To describe the dark electrical conductivity of polysili-

dependencé/(T), proposed in Ref. 2, was obtained not
from physical considerations but rather by comparing the

con at low temperatures, one other charge-transfer mech#ieoretical dependengé (T,G=1 sun with the experimen-
nism must be invoked: hopping electron transfer along intertal data[in other wordsV,(T) is used as a fitted functi¢n

grain defect$® The expression for the resistivity

corresponding to this mechanism has the fotm
ph=poNT exp(To/T)Y2 (7

In polysilicon the valuep,=10.15Q-cm/K¥2 and T= 1400
K satisfy the experimental data.

For the effective resistivity* and effective(Hall) car-
rier mobility u} we have

1/p* =1lp+1lpy,, (8)

9

Figures 1 and 2 show the computational results d6(T)
and u*(T) in polysilicon for the following values of the
parametersd=0.1 cm,N4=5% 10'° cm 3, u,,=350(500 K/

T) cn?/(V-s) (Ref. 4; E.—E,=1.12 eV,D,=20 cnf/s,
L,=10"2 cm, »,=v,=10yT/300K cm/s (Ref. 2,
f*=0.05, «=5.1, V,=0.06 eV, S,=10"* cn?, and
S,=7.7x10" 1% cn?; the parameters of the Gaussian distri-
bution of the boundary states areN =2.18<10
cm 2, Eq=E,+0.37 eV, andAE=0.05 eV. The theoretical

/.L* = 1/Ep* Nd .

dependences are evidently in good agreement with the ex-

perimental data.

814 Semiconductors 31 (8), August 1997

This approach would be justified if it were shown at the same
time that the functiorp* (T,G=0), calculated for the same
function V,(T) and the same values of the parameters,
agrees with the experimental data. However, the dark electric
conductivity was not studied in Ref. 2. Other inaccuracies in
the theory of Refs. 1 and 2 were also indicated previously in
Ref. 3. It appears that the explanation presented in the
present paper is the most convincing explanation of the ex-
perimental results of Ref. 4.
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Total external x-ray reflection and infrared spectroscopy study of porous silicon and its
aging

L.A. Balagurov, V.F. Pavlov, E.A. Petrova, and G.P. Boronina

State Institute of Rare Metals, 109017 Moscow, Russia
(Submitted October 20, 1996; accepted for publication January 22) 1997
Fiz. Tekh. Poluprovodr31, 957—960(August 1997

Study of p-type porous silicon has been carried out by x-ray reflectometry for the first time. Its
critical total-external-reflection angle and its reflection coefficient in the subcritical angle

range are much smaller than fotSi, which was grown by the Czochralski method. The critical
angle decreases with increase of the porosity. The critical angle and the reflection coefficient
increase with aging. These results are attributable to the much smaller electron density of porous
silicon in comparison witte-Si, to the microgeometry of its surface, and to changes in

both of these factors attendant to aging due to an increase in the concentration of atmospheric
constituents observed in the infrared absorption spectra. As the porosity increases, the
concentration of atmosmopheric impurities also increases, and in high-porosity material in addition
to chemically adsorbed oxygen, carbon and water seem to contribute appreciably.
[S1063-78267)01708-7

1. INTRODUCTION monochromator with{220) reflection. Comparison of the ex-
&erimentally obtained values 8% ) for a single-crystal sili-
con substratgFig. 1, curvel) with the values calculated
theoretically according to the Fresnel formula allowing for
absorption by a nonideal silicon surface showed that the er-

is based on its huge specific surface arn@aore than : ; .
1% m2/cn?) and the very small size of its crystallites, which ror in the experimental values & relative to the calculated
' values amounted to 23% at angles less than the critical

together are the reason for the high sensitivity of its proper: . ) . .
ties to the surrounding mediun. TER angle, reaching 5% in the region of the critical angle.

In this paper we report the results of a first-of-its-kind We also monitored crystallographic bending of the porous-

. . . ilicon films, which was not largéthe radius of bending
study of porous silicon and its aging by the method of x-rays’I X
reflexometry based on the effect of total external reflectionv‘r’med between 80 and 10Qrand could not affect the re-

(TER) of x rays? and also infraredIR) spectroscopy. sults of the TER measuremgnts. . .
We also measured the infrared transmission spectra in

the region 406-4000cm ! on a “Perkin-Elmer 983G”
spectrometer.

Porous-silicon layers were obtained by anodic etching in
a .smgle-chamber' cell with clamped contact and' a pla'ltlnum& RESULTS AND DISCUSSION
grid as the opposite electrode in the galvanostatic regime on
KDB-1 (111) Si wafers with chemically-mechanically pro- Infrared transmission spectra of a porous-silicon layer
cessed working surfaces. An ohmic contact was created ofsample No. ], measured directly after fabrication and after
the back side of the wafer by sputtering-on aluminum withkeeping it in air at room temperature for six months, are
subsequent brazing-in at 550 °C for 15 min. The area of thehown in Fig. 2. From the positions of the interference
layers was roughly 2 cfn Two series of layers of porous maxima we determined the values of the index of refraction
silicon were obtained in electrolyte mixtures HF;HzOH  of porous siliconn. From these values we found the density
with different proportions of the components. In each serie®of the porous-silicon layers in the effective-medium approxi-
in the preparation of the layers the total charge that passemhation, in which a mixture of phases is treated as a homo-
through the system remained unchanged while the curremfeneous material with some mean polarizabilifyhe silicon
densityi was varied. The regimes in which the layers werevolume fraction in the porous silicofg;, was found from an
fabricated are listed in Table I. The thickness of the porousexpression given in Ref. 6, which assumes that porous sili-
silicon layersd=4— 14 um was measured on a cleavage of con is a mixture of only two phases:Si and voids:
the layer with a “Reichert” Me-F2 optical microscope. _ 2 2

Measurements of the x-ray reflection coefficiéhtis a fs=[(1=n?)(ng+2n*)][3n*(1-ng)], @
function of grazing angl® were carried out on a “Rigaku” whereng=3.43. The mean porosity over the thickness of a
two-crystal topographical setup with an RU-200 GuK porous-silicon layer ifPy=1—fg. The values ofn in the
x-radiation generator on a goniometric head having microsamples were found to lie within the limits 1.35-1.75 and
metric axial rotation with a scale division 6f0.5". To lower  during aging, within the limits of measurement error re-
the error in determining, we monochromatized the CuK mained unchanged, apparently because of the similar values
radiation \=1.54 A) with the help of a silicon crystal of the refractive indices of porous silicon and the natural

In recent years there has been a phenomenal growth
interest in porous silicofPS as a promising basic material
in the fabrication of opto-electronic devick$This interest

2. EXPERIMENTAL TECHNIQUE
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TABLE I.

Anodization regimes Measurement results
Composition of solution

Sample HF:GHsOH i, mAlecm? t,min P, P, 6.,min P, R, 6., min
c-Si 1 13

1 2:1 130 25 0.66 0.62 5.4 0.84 1 8
2 2:1 180 1.8 0.69 0.78 45 0.88 0.9 8.5
3 3:5 6.5 14 0.62 0.72 6 0.79 1 7.5
4 3:5 13 7 0.72 0.78 5.5 0.83 0.87 8.5
5 3:5 26 35 0.78 0.78 4.7 0.87 0.8 8

Note R, 6; — initial measurmentsR;,, 6. — measurements after holding the samples in air for six months.

oxide, which agrees with the data of Ref. 3. Tihg values The reflexometric measurements of the porous-silicon
which we obtained are listed in Table I. It can be seen that idayers were performed about two weeks after preparation of
both series of samples, obtained for different composition othe layers and after six months. In the case of one of the
the electrolyte, the porosity increased with growth of thesamples there were no noticeable changes in the measure-
anode current. ment results during the two weeks after preparation of the
In the spectra of just the porous-silicon layéFsg. 2, samples. Curves of the reflection coefficient as a function of
curve 1) we observed absorption bands associated with vithe x-ray grazing angl®(6) are shown in Fig. 1. Table |
brations of the Si—k groups (2115, 2090, 906, 662 624 lists the critical TER angle. for each sample, where as the
cm™ 1) and, probably, Si—F815 cmiY).”® During aging, ab- angle we took the angle corresponding to the intersection
sorption bands associated with vibrations of the Si—Opoint of the extrapolated straight-line segments R{f6).
(1055- 1150, 880, and 450 cnt), O—H (3450 cm ), and  Table | also lists the reflection coefficient in the TER region,
Si—C groupg2960 and 2930 cm') appeared and gre(Fig. R, calculated as the arithmetic mean of the valRas the
2, curve1a).”® From the absorption band of the stretching region 6< 6. . It is evident that for all the samples the value
vibrations of the Si—O groups (10551150 cm'?) we esti-  of Ry, is significantly smaller than for silicon, but the region
mated the concentration of the silicon-bound oxyglp)(  of anglesé, in which the TER effect completely disappears,

using the equation is substantially shifted toward angles smaller than for silicon.
For relatively fresh layers, as the porosity is increa8gis
NozAf ada. observed to decrease aR}, exhibits a tendency to grow.
All the samples are characterized by growthRyf and 6, as

We calculated the absorption coefficieat using the a result of aging.
equation for the case of an absorbing layer on a transparent In general, the form of the functional depende(&)
substraté. For definition we used the value is determined by the electron density, by absorption, and by
A=0.156 at. %cm/eV for a-Si from Ref. 10, which to the microrelief of the near-surface layer whose thickness in
within 5% coincides with the corresponding value @i, the small angle region is (X015)\ (where\ is the wave-
obtained from the coefficient of proportionality between thelength of the x radiatiop i.e., in our case-20 A, and rarely
maximum of the absorption peak and the oxygen concentragrows in the region of disappearance of the TER eftéét*
tion for c-Si (Ref. 11 allowing for the integralf ada.

1.2

0.8y1

04
02

T, arb. units

20

3000 2000 1000

. . . cm -1
FIG. 1. Reflection coefficienR plotted versus grazing anglé of the 7

x-radiation incident on the surface forSi (1) and porous silicon2, 3 —

initial measurement2a, 3a— after holding in air for six months. Sets of FIG. 2. Transmission spectra for a layer of porous silicon in the infrared for
data point2, 2a— for sample No. 23, 3a— for sample No. 4see Table = sample No. Xsee Table): 1 — initial measurementd,a— after holding in

1). air for six months.
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For 6= 6. it is increased by roughly an order of magnitude.
In the case of a silicon single crystal, absorption does not
strongly alter the form of the dependeneéd), calculated
without allowance for absorption. For porous silicon, by vir- .1
tue of its high porosity the effect is apparently weaker and
can be disregarded. The decreasedoivith increasing po-
rosity can be estimated from the relatfon

0.= (\%e’ng/mmc?)12 2) .

wherem is the electron mass, is the electron density, and
c is the speed of light in vacuum. The porosiy in the
surface layer of thickness 100 A, estimated according to
the formula

Pr=( 0ic_ 65)/0%c ,

N, 10%m3

where#,. is the critical TER angle foc-Si, is systematically
higher than the layer thickness-averaged values obtained
from the optical measurements. This apparently indicates an
enhanced porosity in the skin layer, in accordance with the . '
data of Ref. 15. 00‘5 0.7 0.8 0'.9

The changes in th&(6) curves during aging are obvi- P
ously due to changes in the electron density of the porous-
silicon layers and in their microgeometry due to an accumuF'G. 3._ Concentrat_ion of atmospheric imp_urities in porous silicon plotted as
lation of atmospheric constituents in the porous SiIiCOn{ahfuncuon of porosity1 — total coTentranon of oxygen and carb@rom

e total external reflection dafe&2 — concentration of the oxygen present

samples, which is what we observed from the infrared abin the form of Si—O groupgfrom the infrared spectroscopy data
sorption spectréFig. 2). We assumed that for extended stor-
age of samples in air the main contribution to the change in

the electronic structure comes from oxygen and to a 1eSs§fye haye shown that for porous silicon the critical angle
degree carbofiSince the number of electrons in the 0Xygen 54 the reflection coefficienR,, in the subcritical angle

atom differs only slightly from the number of electrons in the range are significantly less than their values 6e8i. The
carbon atom, we estimated from H) the total amount of  (yitica| angle decreases with increase of the poroSityand
these impurities needed to obtain the shiftR(f) toward  , \ere observed to increase during aging. The results pre-

larger ¢ observed experimentally during aging. _ sented here are explained by a significantly lower electron
Figure 3 plots the dependence of the total concentrauoraensity of porous silicon in comparison with silicon and by
of oxygen and carboffrom the TER dataand oxygen l0-  {he microgeometry of its surface, and also by changes in
cated in the form of Si-O groupSrom the infrared Spec- hese parameters brought about by aging caused by an in-
troscopy dataon the porosity for samples held in air for Six reaqe in the concentration of atmospheric constituents—
months. It is apparent that the concentration of atmospherisxygen, carbon, and water—in the porous silicon layers.
impurities increases with increasing porosity. From these ~ A increase in the total concentration of atmospheric

values it is not hard to estimate the ratio of the concentratiori‘umpurities is observed with growth of porosity, where in

of atmospheric impurities of silicon in the layers, which rela- gyongiy porous material, in addition to chemically absorbed
tive to less porous materi@<0.8) does not exceed 1:1, and oxygen, carbon and water contribute substantially.

for more porous material grows t@—3):1. The similar val- The surface layer of porous silicon of thickness

ues of the concentration of oxygen found in the form of _190 A has a higher porosity than the total volume, and by

Si—O groups and the total impurity concentration obtained,rye of this circumstance is enriched by atmospheric impu-
for relatively less porous material indicates that the main,eg

impurity in the less porous material is oxygen found in a  thea author is grateful to M.G. Mil'vidskj V.T. Bublik,

chemically adsorbed state. It would appear that the substanyq g |, zheludevaya for helpful discussions of the results of
tial extent(see Fig. 3by which the limiting concentration of s \work.

the silicon-bound oxygen corresponding to the formation of

SiO, (1) exceeds the total impurity concentrati(®) must be

attributed to the accum_ulatlon in the porous-silicon _sam_pleslw. Lang, P. Steiner, and F. Kozlowski, J. LumB¥, 341 (1993,

of water and carbon. It is also apparent because of its higher; p. zheng, K. L. Jiao, W. P. Shen, W. A. Anderson, and H. S. Kwok,
porosity in comparison with the volume-average that the skin Appl. Phys. Lett61, 459(1992.

|ayer |S enrlched Wlth atmospherlc Impurltlesl 3L T. Canham, M. R. HOUItOn, W.Y. Leong, C. PICkel‘Ing, and J. M. Keen,
J. Appl. Phys.70, 422 (199).
4R. W. JamesThe Optical Principles of the Diffraction of X-Ray®vised
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. .. °D. E. Aspnes and J. B. Theeten. J. Appl. Pt§G.4928(1979.
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Calculation of 2 p levels for thermal double donors in silicon
L. F. Makarenko

Belorussian State University, 220050 Minsk, Beldrus
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Fiz. Tekh. Poluprovodr3l, 961-965(August 1997

A two-center model is developed to explain the electronic structure of thermal double donors
(TDD) in silicon. Calculations of @ levels of singly ionized TDD’s are performed in

the effective mass approximation. From a comparison of the calculated results with the
experimental data, the internuclear distance between the two electrically active atoms is evaluated
as 0.75-0.95 nm for the TDD1-TDD3 and 1.35-1.75 nm for the next four species:

TDD4-TDD7. © 1997 American Institute of Physid$$1063-782807)02008-3

1. INTRODUCTION An understanding of the reasons for such deviations has
, i , . _not yet been achieved. Thus, for example, in Refs. 4, 6, and
The interpretation of infrared absorption spectra associy {he two-valley structure was explained as a result of a local

ated with electronic transitions between the levels ofyniaxial deformation of the lattice. Another explanation is

hydrogen-like impurities in semiconductors is based ORggnpected with the model of a two-center cBReAccording
effective-mass theoryEMT).” This theory very accurately ; this model, the thermal donor core consists of two point
predicts differences between the energies of the excitefonors jocated along tHa 10] axis of the defect. Thus, as a
states of shallow substitution dondrs. Its application has  rogit of the anisotropy of the effective mass, the energies of
also proved to be successful in the description of the eleCsates constructed from the wave functions of two valleys
tronic structure of such complex defect complexes as, fOE:Iongated along the perpendicular to this asfitg. 1) are
. g 4 .
example, thermal double donof$DD) in silicon.” These  |oer than the energies of any other combinations of type

defects constitute an entire family of successively formedy) This hypothesis about the atomic structure of the consid-
donor ﬁe5nter§. At least twelve types of donor centers are wellraq gefects at once gives the correct electronic structure of
known;"> which we will denote, following the notation of o Tpp ground state in GRef. 10.

Ref. 5, as TDDO, TDD1,...TDD11. Their optical characteris-  1he variation in the energy with growth of the index of

tics and the electronic structure of a configuration with shalihe TDD was explained in Ref. 9 within the framework of
low donors have been described in detail in Refs. 4, 5, and ¢ tyo_center core model by a variation in the distance be-
Earlier works also report deviations of the properties ofyeen the atoms responsible for the electrical activity of
the given complexes from those predicted by the standarl,ese complexes. The aim of the present paper is to develop
effective-mass theory considered in Refs. 1-3. One such dgrese ideas further in order to achieve a consistent explana-
viation is the two-valley structure of the TDD ground State, tion of the observed peculiarities of the electronic structure

discovered in Ref. 6 and confirmed by the data of Ref. 7yt ihe excited p states of the entire family of TDD’s and to
According to effective-mass theory, the wave functi®) o apje to estimate the distance between the nuclei of the
of the shallow donor in the semiconductor in silicon-like electrically active atoms.

semiconductors is represented as a sum:

v 2. CALCULATIONS
w(r>=Ni§1 CiFi(Nu(kei 1), (1)

Of greatest interest would be a calculation of the 2
levels of singly ionized TDD’s since it is for such TDD’s
where v is the number of valleys\l is a normalization fac- that detailed spectroscopic data are avail4BieFor the cal-
tor, andF(r) is the Bloch envelope wave function of the culations we chose the arrangement of the axes of the Car-
ith valley of the conduction band(ke;,r). While for an  tesian coordinate system shown in Fig. 1. In this case the
ordinary shallow donofe.g., phosphorus in silicorall the  effective-mass equation for the envelope wave function can
coefficientsc;=1, for a TDD four of them are equal to be written in the form
zero?~’. 2 2 2

Another peculiarity of the electronic structure of thermal —A+(1-7y) — ———|F(r)=EF(r). 2
donors is splitting of the @.. state. Here the energy of one W Ta To
of the two new states[2.,,, like the ground-state energy, Equation (2) is written for the effective Bohr radius
increases with the index of the thermal donaj,(and the a*=4wsey h?/(m;e?)=3.166 nm as the unit of length and
energy of the other statep2, decrease$In this same work  the effective Rydberg energy Ry m,e?/
it was found that some of the characteristics of thermal dof2h?(47ee0)?]=19.94 meV as the unit of energy. Numeri-
nors vary discontinuously with growth of. For example, a cal values of all the constants were chosen following Ref. 3.
clear difference is observed between the properties of TDDJhe quantitiesr, andr,, are distances measured from the
and TDD4(Ref. 4. atomsa andb, respectively(Fig. 1). For convenience in the
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[001] FIG. 2. The energyE) of the states @, (1), 2po, (2), and Qm, (3) of

a pair of shallow donors, calculated in the effective-mass approximation,
plotted versus the distance between donor nuétgi The orientation of the
FIG. 1. Arrangement of the axes of the Cartesian coordinate system relativaxes is shown in Fig. 1. The energy is reckoned from the bottom of the
to the crystallographic axes of the crystalline lattice of silicon. The pair of conduction band.
electrically active atoma andb is located on the axis and has coordinates
z,=R/2 andz,=—RJ/2. They axis is aligned with the long axis of the
ellipsoids of rotation of the constant-energy surface of those valleys of the  A|| the calculations were performed numerically. For the
fﬁ:?ﬁg:ﬁgl Z%?%é?gf;ﬁgg&gj,f“nCt'O”S of which the ground state ofy - o rpitals the variational parameters wereand 8, and

for the 2po orbitals they werey, 8, andp. The results of

these calculations are plotted in Fig. 2.

representation of the test functioRgr), we transform to the

deformed coordinate syster=x, Y=y, z=8z. The factor 3- DISCUSSION

B is a variational parameter. As can be seen from Fig. 2, splitting of the 2 state of
In this coordinate system we can introduce elliptical co-the thermal donors is explained in the two-center model as
ordinates the result of the difference in energy of thg¢2 and Do

~ — == = = = states of the molecular hydrogen ion. While the ground-state
e=(ratrp)/R 7=(ra=rplR energy increases with growth of the TDD index, the energy
and construct simple approximate molecular orbitals, whictof the 2po state decreases with increasing distance between
will allow us to calculate the energies of thg 3tates with  the nuclei of the atoms responsible for the donor action of
high accuracy. These orbitals were constructed on the basike complex. Thus, all the noted peculiarities find a consis-
of Refs. 11 and 12 and are given in Table I. Calculationtent explanation within the framework of the standard theory
shows that the error in calculating the energy levels of af the molecular hydrogen iol.However, the energy levels
molecular hydrogen ion using the given orbitals does nobf the analog of the molecular hydrogen ion, calculated in
exceed 0.1% folR<<1.3ag, whereag is the Bohr radius. the effective-mass approximation, differ from their experi-
Table | also gives the test functiofgr) for calculating the mental value$.Let us consider in more detail the reasons for
2p states of a point donor in a semiconductor of the type Sthese differences.
and Ge& Using these functions to calculate the energies of ~ According to Ref. 4, the binding energy of the2states
the corresponding states for silicon leads to errors no greatef the single ionized TDD’'s TDD1-TDD7 decreases with
than 0.1%(Ref. 3. growth of the center index from 50.4 to 47.7 meV. These

TABLE |. Test functions(approximate molecular orbitaléor calculating the energy levels of the Ztates of
the thermal donors and the corresponding test functioRs=a for calculating the levels of a shallow donor in
a Si-type semiconductdr

Designation of Approximate Test wave function Designation of states
the molecular orbital molecular orbital f6t=0 of the shallow donor
2pry N'X exp(—au) N'X exp(ar) 2p.
2pmy, NY exp(-amu) NY exp(—ar) 2po
2po, N(p+ aRu)exp(- am) N'X exp(—ar) 2p.

Note: Nis a normalization factor.
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values exceed those calculated within the framework of the
effective-mass theoryFig. 2). Such a relationship between
the theoretically predicted and experimentally observed en-
ergies of the p states was observed for donors bound with
interstitial magnesiutt and aluminur®® atoms. In Ref. 14 it
was suggested that such a deep position of thgate is
due to corrections to the local field arising from the intersti-
tial position of the donor atom. Thus, we may conclude that
the electrically active atoms of the thermal donors occupy
interstitial positions in the silicon lattice. This conclusion
accords with current ideas about the atomic structure of the
thermal donorg®

The deviations from the effective-mass theory for the
2p, states Mg and Al are smaller than for the [
levels!*!S In addition, the . level of Mg splits in two.

=
Q

E(2py4)-E(2p.4), meV
N
-

1.0

The reason for this split is unclear. It may have to do with 4.0 ZZI 7 ' Z;O : 2,', 7
the chemical nature of the donor atom. ) E(Zpth)-f(.Zpo), mev
Proceeding from these arguments, we write the energy
of the 2p levels of the TDD in the form FIG. 3. Comparison of energy differences=E(2p-,)—E(2p,) and
i () 0 o 6=E(2p.n) —E(2p+)), obtai_ned for different types of thgrmal dondta-
E,'= EEMT‘n-I— E,_,:CYn , 1=1,2,3, 3 beled on the curvefrom the infrared-spectroscopy data in Ref(circles
and Ref. 15 (squares and the differences A=E(2pm,)
wheren=0, 1, 2, ... is the TDOndex,i=1 corresponds to —E(2pm,)+4 meV ands=E(2pm,) —E(2po,), calculated in the present

the 2p, state,i=2 corresponds to the lowerp2 state de-  work (solid line).
noted in Ref. 4 as R..,, andi=3 corresponds to the upper

2p.-state denoted in Ref. 4 a . The antit .
EIO_ S —Egyr(R,) is tlhe energy caISCSIi?ed in theq(l;ffeclti)\//e- TDD’s. The experimental data were taken from Refs. 4 and
EMT.n' —EMTL N 15. The data on the 2. levels of TDDh with n>7 are

mass theory, which depends on the distance between the nu- : . .

clei of the electrically active atom®,. The quantity indeterminate due to the superposition of bands belonging to
: : : the various centers.

ELrcn=ELrc(rn,Ry) is the correction for the EMT energy, . i

which is associated with the local field and which depends . .Tf.he cgrrectlol?s f<3rrhthe Ifocallv%eld f?: thegz_ (I)e;gls ar\(/a

on the coordinates of the donor atom in the unit cgland, Slgr}' |ian yds][na:L 5_%5’ L0: W? ”ave - tr:n?f

possibly, on the lattice distortion which is different for dif- (Ref. 14 and for Al - 0. Letus niaty assume that for

ferentR,,. Because of the presence of tBg-c , term, direct all the thermal donqrs, Just as _for Al Sirc=0. With this .

comparison of the results of calculation with experiment jsassumption, we estimate the distance between the nuclei of

impossible. However, such a comparison is more justified fthe atoms of t_he pair from a comparison of the experimental
differences of the form values ofé,, with the calculated valued-ig. 4). Such a com-

parison leads to the valuR=0.75-0.95 nm for the first
5,=EP-EP,

—_E@3 1
A=EP-E®.

In the comparison of the calculated and experimental
values 6,, and A, it is necessary to bear in mind that the -
correction to the local fielE, ¢ for the 2p, states of the
interstitial donor is significantly greater than for the.2
statest* Therefore, ifA=20.4 meV for a point EMT-donor
with  Zz=2 for E(+/++)=E.—0.125meV, then
for Mg;" A=21.8meV for E(+/++)=E.—0.26 meV
(Ref. 14; and for A" A=228meV for
E(+/++)=E;.—0.96 meV (Ref. 15. Consequently, the
calculated curve$(A) are shifted relative to the experimen-
tal curves along the abscissa. Since the quadjiy is un- " 1002, TDD3-
known for the thermal donors and may be different for de- | 7DD1——
fects with different index, it makes sense to augment the el b
calculated values oA(R) by some mean correction to the 0.5 1.0
local field, which we choose to be equal to 4 meV. Compar- Ry nm
ing the positions of the experimental points and the trend of . ,
the so-corrected theoretical curiig. 3, we may conclude FIG. 4. Calculated depe_ndence of splitting of the,2level qf a pair of

! shallow donors on the distance between them. The experimental values of
that the calculated data as a whole faithfully reflect the cors_gp,,)—E(2p.,) are indicated for thermal donors of different types,
relation between the quantitie®, and A,, for the various taken as the arithmetic means of the d&ia.

P17 | —
04— ———

E(2pm, )-E(2ps, ), meV

~

R T S Y B A |

.5 8.0 2.5
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group of centers with indices n=1-3 and be ruled out that a pair of oxygen atoms may be electrically
R=1.35-1.75nm for the second group with indices active. However, on the basis of only the infrared spectros-
n=4-7. It should be noted that the error of determining thecopy data it is apparently impossible to provide an answer
internuclear distance decreases with increasing thermal dahis question.

nor index. If, proceeding from the data for Mgwe take the
indeterminacy fow, to be +0.23 meV, then we are led to an
error in the determination dR; of only +=0.07 nm.

The large break between the TDD3 and TDD4 param- The 2p levels of the singly ionized state of thermal
eters, also noted in Ref. 4 for other spectroscopic charactedouble donors in silicon have been calculated in the
istics of these two defects, stands out. Its appearance may leffective-mass approximation on the assumption that the
explained on the basis of the values obtained for the internuzore of the given defects consists of a pair of shallow donor
clear distances of the pair of electrically active atoms entereenters arrayed along th&10] axis. The calculated results
ing into the makeup of defects with different indicesAll have been compared with the available infrared spectroscopy
the R, are grouped near the valueeR*, wherem=1, 2 and data. As follows from the experimental data, the first seven
R* =./2a,=0.768 nm is the distance between two tetrahethermal donors may be divided into two groups: TDD1-
dral interstitial sites which are nearest neighbors in[ i) TDD3 and TDD4-TDD?. It is assumed that the electrically
direction, andy, is the lattice constant of silicon. Given this, active atoms of the pair for the first group are found at inter-
if the donor atoms of the pair for TDD3 are found in two stitial sites located in neighboring unit cells in tHELQ| di-
neighboring unit cells fh=1), then in the transformation rection, and separated by one unit cell for the second group.
from TDD3 to TDD4 one of these atoms will be shifted to | would like to express my gratitude to Ya.l. Latushko
the following cell, i.e., TDD4 now occupies not two but for numerous helpful discussions.
three neighboring unit cells in thgl10] direction (m=2).

As a result of such a transformation, not only the value 0fa>,: 0172/265-940: E-mail: fom.bsu.minsk b
Eemtn, but also ofE rc,, is radically altered since the ax + E-mail: root@fpm.bsu.minsk.by
coordinates , of both donors of the pair will be different in
their own unit cells. Thus, the considered defects can be'F. K. Ramdas and S. Rodriguez, Rep. Progr. PAgs1297(1981).
dided into two groups. To he it group we may assin Ko 10 14 g, b, “at oo W o, o
TDD1-TDD3 and apparently TDDO, which is not observ- 2t 1057 Gy ' ’
able by infrared spectroscopy. The second group includes ther. A Faulkner, Phys. Rei.84, 713(1969.
four defects TDD4-TDD?7. “P. Wagner and J. Hage, Appl. Phys.48, 123(1989.
The appearance of these two groups may be connectegt: D: Watkins, Rev. Solid State Phyt. 279 (1990. o

. . - . Stavola, K. M. Lee, J. C. Nabity, P. E. Freeland, and L. C. Kimerling,
with the charactgr qf the arrangement of the interstitial oxy- Phys. Rev. Lett54, 2639(1985.
gen atoms entering into the makeup of the defect. Because 0fp. Wagner, H. Gottschalk, J. M. Trombetta, and G. D. Watkins, J. Appl.
the Coulomb repulsion forces between the nuclei, the donor Phys.61, 346(1987. _
pair deforms the lattice, which leads to the appearance o?i—- F'z'g"‘;kg‘ge?gg' ']:'Z' Tekh. Poluprovod®8, 1434(1994 [Semiconduc-
tensile stresses in the direction perpendicular to the pair axiSel_cfr,S:. l\/‘lakarénkoé,‘)bokl. Akad. Nauk Belarugg, 44 (1995.
Evidence of such anisotropic stresses is provided by the datép. Clauws, F. Callens, F. Maes, Y. Vennik, and E. Boesmaa, Phys. Rev. B
of Ref. 7. The deformation field so arising attracts the oxy- 44 3665(1991.
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gen atoms which are built into the lattice between the atoms Al'ggglgamo amd G. Poots, Proc. Phys. Soc., London, Sedi7A343
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Conductivity stimulated by temperature oscillations in dissociated cadmium telluride
and cadmium sulfide solid solutions

A. P. Belyaev, V. P. Rubets, and I. P. Kalinkin

St. Petersburg Technological Institute, 198013 St. Petersburg, Russia
(Submitted October 7, 1996; accepted for publication January 28, 1997

Fiz. Tekh. Poluprovodr3l, 966—968(August 1997

The relaxation properties of films of dissociated cadmium sulfide and cadmium telluride solid
solutions have been investigated. Conductivity stimulated by temperature oscillations

was observed. The relaxations caused by a change in the external electric field and temperature
were studied. It was determined that residual conductivity and increasing current relaxations

are characteristic of the experimental samples. The results are interpreted in a model of an
inhomogeneous semiconductor. I®97 American Institute of Physics.

[S1063-782627)02108-X

In Ref. 1, relaxational processes in Gd@8, _, layers at  seemingly “switched off.” When the equality betweén
low temperatures were reported. In the present study we irand 7 is reached, the impurities are “switched on” and the
vestigated of the characteristic features of processes occuiree current through the system increases sharply. An in-
ring at higher temperatures — above 300 K. The long-timecrease in the rate of heating decreasesa higher tempera-
relaxation processes initiated in Cd®,; _, layers, subjected ture is therefore required to switch on the impurities, which
to thermally activated dissociation, by a change in temperaaccounts for the shift in the region of sharp current growth.
ture, illumination, and external voltage were investigated. Proceeding front,. = 7 and using the results of Ref. 4

A sharp increase in voltage produced a rapid increase in
the current to a maximum value, after which the current de- 7~ 70 €XAE/KT),
preased monotonically to a minimum value and t_he.n again t, =Apl|(dpo/dT)(dT/db), 1)
increased to a steady-state value. The characteristic current
rise time (of the order of 1 min at 400 Kwas many times we obtain the approximate equality
longer than the decay time and depended exponentially on
the temperature. Short-circuiting the current after a stationary _ kTiT, [ (dT/dt)sz}

@

current was established gave rise to a monotonic decrease of —' T,-T, (dT/dt)ng
the current. The relaxation time of the “residual conductiv-
ity” depended on the temperature. It could be decreased sulwvhere Ap is the sensitivity of the apparatus, apg is the
stantially by light with photon energfw>1.1 eV. Current quantity measured by the apparatus.
relaxation increased sharply as a result of irradiation. To determinek, it is sufficient to know the temperatures
Figure 1 shows the results of an investigation of theat which the impurities are activateti, for different rates of
relaxation properties arising as a result of temperature varidieating @T/dt);. The valueE,~0.4 eV was obtained from
tions. Curvesl and?2, obtained by heating at a constant rate,Eq. (2) for the sample corresponding to Fig. 1. According to
contain sections of a rapid increase in conductivity. IncreasRef. 3, this quantity determines the energy required for elec-
ing the heating rate shifted the onset of rapid growth totrons to be transferred from high-resistance regi®iiRR) of
higher temperatures. an inhomogeneous system into low-resistance regions
A nontrivial phenomenon was also found — conductiv- (LRR). In the case of the experimental samples, the HRR
ity stimulated by temperature oscillatiof8STO), i.e., tem- and LRR evidently correspond to switching on of a dissoci-
perature oscillations gave rise to a substantial increase in theed solid solution with a large and small quasigap, respec-
conductivity of the samples. The magnitude of the additionatively. Surface state€SSg with energye, which contribute
conductivity (CSTO amplitudg was temperature-dependent to the formation of the potential well of the bands, are
(curves3 and4). Holding a sample at a constant temperaturepresent directly at the boundaries of these regions. The en-
even for a much longer period of time, had virtually no effectergy diagram of the system can therefore be represented as
on its conductivity. The effect was reversible. shown in Fig. 2. An external field applied to such a system
In order for electronic equilibrium to be established in an(Fig. 2b), because of the high inhomogeneity of the system,
inhomogeneous semiconductor, potential barriers must beistorts the potential welt® An external field is rapidly
overcome. This factor accounts for the long equilibrationscreened in LRR and vice versa in HRR. As a result, equi-
time and its exponential temperature dependént@/hen a librium between the electrons in the conduction band and the
system in equilibrium is heated continuously, its conductiv-impurity levelse; in the bulk and the surface statesbreaks
ity will assume a new equilibrium value only when the char-down. Near the boundaries of the LRR, oriented toward the
acteristic heating timé, equals the characteristic equilibra- positive pole, the free-carrier density increases and condi-
tion time 7 between the impurity levels and the conductiontions are created for trapping of carriersdg, which gives
band? At lower temperatures the effect of impurities is rise to an increase in the intercrystallite barriers and therefore
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dependence of the characteristic time of the relaxation cur-
rent increase can be interpreted as an ionization energy
£5~0.95 eV. This result agrees with Ref. 6 .

The investigations of the relaxations of the “residual
conductivity” confirm the model. Removing the external
field again changes the potential well and again the equilib-
rium between the band and the levels is disrupted. The lo-
calized charges which are generated by an external field and
which screen the quasidipoles set up the potential difference
at the electrodes. We thus obtain the relaxation current with
characteristic time determined by emptying of the traps.

The observed acceleration of the relaxation of residual
conductivity by light withZw>1.1 eV, i.e., with energies
close to the experimental valug ~0.95 eV (ionization of
the BS levele,), provides additional support for the model.

Let us examine the processes accompanying the tem-
7 Zlo L 2'4 L 2'8 L 3'3 L 360 perature oscillations. A temperature change destroys the

. '103/7 'K_, ) . LRR—HRR equilibrium. Restoration of equilibrium requires
! an anomalously long time. Extrapolation of the experimental
FIG. 1. Temperature dependences of the current depsitifh monotonic tempgrature dependence of the CharaCte”Stl_C time of the in-
heating of the sample at a constant #édt=0.2(1) and 0.07 K/q2) and creasing relaxations shows that for the experimental samples
in the presence of temperature oscillati¢Bsas well as the amplitud&j/j at T=300 K the characteristic time will equal tens of
of the conductivity stimulated by temperature oscillatigds hours. The large value af explains the apparent stability of
the current at relatively low temperatures. However, a long
time is required for the nonequilibrium carriers to be trans-
a decrease of the through current. On the other side of thierred from HRR to LRR via an activational path, but a
LRR the electron density decreases. Conditions arise for ionyifferent, faster path is possible by hopping along impurity
ization ofes. This process decreases the intercrystallite bartevels. The hopping relaxation mechanism is all the more
riers and increases the COndUCtiVity.sq is greater than the ||ke|y because |1-VI |ayers Synthesized by vacuum conden-
amplitude of the potential well of the conduction band, thensation characteristically have a high density of states in the
the rate of the second process will be lower. Equilibrationguasigagd.
a.fter an external V0|tage iS SWitChed on abl’uptly W|I| then be On the Strength of the |arge magnitude of the potentia'
characterized by a current which initially decreases and thege|l of the system, the electron hops must occur as mul-
increases, consistent with our experiment. On this basis, thl‘?phonon processes. A necessary condition for such hops are
energy calculated from the slope angle of the temperaturgyermal fluctuations which level the wells between which
hops occuf. Temperature oscillations promote fluctuations.
Evidently, this is what causes the acceleration of the relax-
ation processes, which is manifested in the form of the
CSTO.

The tunneling CSTO mechanism agrees with the experi-
mental temperature dependence of the CSTO ampliteide
1, curved). Indeed, the experimentally recorded conductivity
can be conventionally divided into two componentscan-
ductivity after establishment of quasiequilibrium in the band
(established rapidlyand 2 additional conductivity arising
after equilibrium is established between the conduction band
and the levelgthis equilibrium is established slowlySince
the position of the Fermi level is a nonlinear function of the
temperature, the contribution of the additional conductivity
increases with temperature. Therefore, the CSTO amplitude
should also increase. However, while the contribution of the
additional conductivity increases, its rise time decreases ex-
ponentially. Hence, even at the first oscillation, the experi-
mentally recorded conductivity will contain a part in the ad-
ditional conductivity that increases with temperature. This
gives rise to a corresponding decrease in the CSTO ampli-
FIG. 2. Schematic representation of a band diagram of a decomposed soli(lilde' The c_ompet_lthh between the processes is responsible
solution of cadmium sulfide and telluride withaia and with(b) the action  10F the maximum in the temperature curve of the CSTO am-
of an external electric field. plitude.
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In closing, we wish to make two remarks. The first one  This work was sponsored by the All-Russia Fund for
concerns the increasing-relaxation processes. The proposédndamental Research under contract No. 96-02-19138.
model is close to the one obtained from a numerical analysis
of transient currents in a semiconductor with barrier ; o

tact® The only difference is in the barrier-lowerin A. P. Belyaev, V. P. Rubets, and I. P. Kalinkin, Fiz. Tekh. Poluprovodn.
contacts. y dife _ 9 31, 286(1997 [Semiconductor§1, 177 (1997)].
mechanism. In Ref. 9 it is assumed that only a field acts orea. va. shik, zh. Ksp. Teor. Fiz71, 1159(1976 [Sov. Phys. JETR4,
the barriers, which is amplified by charge redistribution; the 606 (1976)]. _
boundary states are neglected. In the model considered hereps'o\\(/abﬁ;‘ék ggiiéén\g' 1\63'5' (fg?' Lﬁekh' Poluprovod@, 1675 (1974
the field action is fpllowed by a change. in the barriers as a:p_ya vur, sh. I. Nabiev, and P. ya. Shik, Fiz. Tekh. Poluprovodi,
result of a change in the charge occupying the BSs. It seemss506 (1977 [Sov. Phys. Semicond.1, 292 (1977)].
to us that in the systems investigated the mechanism of Ref’B. I. Shkiovski, Fiz. Tekh. Poluprovodri3, 93 (1979 [Sov. Phys. Semi-

i : . ~~cond.13, 53 (1979].
9 could have occurred on each reverse-biased heterOJunctlogv. A. SmentynaAuthor’s Abstract of Doctoral Dissertatidfin Russiar,

pUt since BSs are Un(_jOUbtedly present in pollycrystals, the semiconductors Institute of the Ukrainian Academy of Sciences, Kiev,
field effect on the barriers should, as a rule, give rise to the 198s.
mechanism described above. "A. P. Belyaev, V. P. Rubets, and I. P. Kalinkin, Thin Sol. Filra§g, 25

. The second remark concems the experimental Obfservagf\:ll.ga?;.tt and E. DavisElectronic Processes in Non-Crystalline Materials
tion of CSTO. As shown above, samples not only with a oxford University Press, N. Y., 197fRussian trans., Mir, Moscow,
unique potential well, but also with a high density of states in 1982, )

the quasigap are required for experimental observation. Evi-B: A- Bobylev and EG. Kostsov, Fiz. Tekh. Poluprovod23, 224(1989
dently, this is why the phenomenon described above is rarely SV Phys: Semiconds, 139 (1989,

observed. Translated by M. E. Alferieff
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Intrinsic photoconductivity in chromium disilicide epitaxial thin films
N. G. Galkin, A. V. Konchenko, and A. M. Maslov

Institute of Automation and Control Processes, Far-Eastern Branch of the Russian Academy of Sciences,
690041 Vladivostok, Russia
(Submitted December 3, 1996; accepted for publication January 28) 1997

Fiz. Tekh. Poluprovodr31, 969-972(August 1997

Spectral and integrated photoconductivities in chromium-disilicide epitaxial films grown on single-
layer silicon substrates have been studied in the photon energy rang#.6.8V. The

region of the photoconductivity maximum observed at 1.23 eV corresponds to the third direct
interband transition in chromium disilicide at 6:9.95 eV. Possible reasons for the

weak photoconductivity signal in the region of the fundamental absorption edge are analyzed.
© 1997 American Institute of Physids$1063-782807)02208-4

Transition-metal disilicides possessing semiconductofent (| ph) grows nonlinearly(Fig. 1b). Since the thickness of
properties(CrSi, B-FeSp, MnSi; 73, ReSp) have aroused  the films was small, part of the photon flux with energies in
interest as promising materials for silicon planar technologythe range 0.9 1.1 eV passed into the silicon substréifég.
Much attention has been devoted to questions of heter@a, curved), which could have caused photoconduction in
epitaxy on silicon;” and the electricdt' and optical proper- ~silicon. To control the possible contribution of silicon to the
ties of such film$'~" However, the photoelectric properties photoconductivity signal of the system C;&i, the photo-
of such films were investigated only for polycrystalline thin conductivity signal of the clean silicon substrate was also
films of iron disilicide® recordedFig. 1a, curve?). Since the shapes of the curves for

In the present paper we report the first results of a studgilicon and the system Crg8i are quite similar, we carried
of the intrinsic photoconductivity in epitaxial thin films of out additional experiments. The spectral dependence of the
chromium disilicide(CrSk) of A-type on silicon(111) sub-  photoconductivity of silicon and of chromium-disilicide epi-
strates and establishes an interconnection between the enengyial film on silicon was recorded using a clean, high-
band structure of Crgi found from first-principles theoreti- resistance (150-cm) silicon wafer as the light filter in
cal calculations, and the experimental energy dependence frfont of the samplesFig. 2a, curved and?2). A shift of the
the absorption coefficient obtained from calculations of thephotosensitivity maxima of Si and the C§Silm on silicon
absorption and reflection spectra of the sys{@rSi, epitax- s clearly observed. The transmittand® (of the silicon light
ial film)—(Si substrate filter is also shown in Fig. 2&curve 4). The photoconduc-

CrSi, (0002 epitaxial films of A-type on Si(111) were tivity maximum of silicon in such a recording scheme is
grown by the seed layer metrfodwith finishing by located at a photon energy of 1.07 eV, where the transmit-
molecular-beam epitaxy from two sources in vacuum at aance of the light filter is down by only 5% from maximum
residual pressure 0f310 ° Torr (Ref. 4. The spectral de- (Fig. 2a, curve2 and4). The photoconductivity maximum
pendence of the photoconductivity and the integrated photoef the CrSj epitaxial film on Si is observed at 1.14 eV,
conductivity of epitaxial layers of CrSiwere recorded at where the transmittance of the silicon light filter is down by
room temperature on test structures with two current contact9% from maximun{Fig. 2a, curved and4). Consequently,
and two potential ohmic contacts using a halogen lamp, athe spectral photosensitivity of CeSepitaxial film is higher
MDR-3 monochromator with an illumination system and aat higher energies in comparison with the photosensitivity of
system for modulation and synchronization of the lightthe clean silicon substrate. The absorption of the silicon light
beams, Ge and Si photodiodes, an interference filter and fidter (Fig. 2a, curved) is significantly lower than the absorp-
silicon filter, a synchronized amplified with detector, and antion of the CrSj film deposited on S{Fig. 2a, curved) at the
x-y plotter. same energies (1-01.2 eV), calculated from the transmis-

The spectral dependence of the intrinsic photoconductivsion and reflection spectra. Therefore, the intensity of the
ity op, Of a CrSp epitaxial film of A-type and thickness light reaching the silicon substrate after passing through the
1000 A is shown in Fig. 1écurvel). The photoconductivity CrSj, film is also small. Thus, the contribution of the silicon
starts to grow at photon energies above 1.0 eV, passesibstrate to the photoconductivity signal in the system
through two maximda weak one at 1.1 eV and a strong one CrSi,/Si is a very small quantity and may be noticeable only
at 1.23 eV and then decreases at photon energies abovat photon energies below 1.07 eV. Consequently, the ob-
1.3 eV. Efforts to spectrally resolve the photoconductivity served spectral dependence of the photoconductivity of the
signal at energies less than 1.0 eV were not successful. Hoveystem CrSi/Si (Fig. 1a, curvel) is determined mainly by
ever, the total photoconductivity in the energy rangethe contribution of the CrSiepitaxial film.
0.50-0.83 eV (the transparency region of the interference  The spectral dependence of the absorption coefficient of
light filter) has been found for epitaxial films of chromium the CrSj epitaxial film, calculated using the two-layer
disilicide of thicknesses 3002000 A. As the incandescence model® is plotted in Fig. 2b. One feature of the energy band
current J,) of the halogen lamp is increased, the photocur-structure of CrSi epitaxial films is the presence of three
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FIG. 1. a — photoconductivity specteg,, of a chromium-disilicide epitaxial film deposited on silicti) and the high-resistance silicon substr@eat room
temperatureb — total photocurrentlg) of the epitaxial film of chromium disilicide on silicon in the energy range 8.6(83 eV plotted versus the

incandescence current of the halogen lardip) (

direct interband transitions at 0.34, 0.7, and 0.9'&Which

predicted the formation of an indirect fundamental interband

is not usually observed in semiconductors of the groups IViransition with large spread of energigg=0.21-0.38 eV

lI-V, and 11-VI.° CrS, epitaxial films of A-type are char-
acterized by a combined density of states in the fundament&,=0.39-0.47 e
absorption region that is depressed in comparison with the

and a second direct interband transition in the energy range

V7,1O,11

In addition, according to the results of first-principles

density of states contributing to the interband transitions atheoretical calculations of one of the papers in Refs. 12 a
0.7 and 0.9eV(Ref. 8 and a narrow energy region direct interband transition should be observed in Cr&i

(0.3—1.3 eV) of the transition from the minimal combined 0.25-0.26eV and a
density of states to the maximal are characteristic.

second direct transition at

E,=0.48-0.49 eV. However, the reflection spectrum of

Theoretical calculations of the energy band structure ofCrSi,, calculated from the results of theoretical calculatibns,
CrSi, from first principles in various approximations have differs strongly from the reflection spectra of CySiingle
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FIG. 2. a — Photoconductivity spectegy, (1,2) transmission spectra (3,4) of a chromium-disilicide film deposited on silicdf,3) and the high-resistance
silicon substrat€2,4) using a silicon light filter b — spectral dependence of the absorption coefficienf the chromium-disilicide epitaxial film.
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crystal€ and polycrystallin&’ and epitaxidl films. Conse- thickness 1000 A includes the range of photon energies 0.5—
quently, at present theoretical calculations from first prin-1.6 eV, and the first three direct interband transitions with
ciples give quite contradictory results on the main interbancenergies 0.34, 0.7, and 0.9 eV participate in the formation of
transitions in the energy band structure of Gr&nd cannot the photoconductivity signal and correspond to a gradual rise
be reliably used in the interpretation of the spectral depenin the combined density of statBhe observed shift of the
dence of the photoconductivity. photosensitivity maximum into the energy region of the third
For small thickness of the CrSfilms and rapid growth interband transition can be explained by the small thickness
of the combined density of states in the range of transitiorof the investigated films and peculiarities of the spectral de-
energies 0.34 1.3 eV/® one might expect a shift of the pho- pendence of the density of combined states in epitaxial films
tosensitivity maxima toward higher energiésSuch a pic-  of chromium disilicide. Taking into account the participation
ture has been observed for the spectral dependence of tlé direct interband transitions in the photoconduction pro-
photoconductivity in polycrystalline thin films g8-FeS, on  cess, we can assume that radiative transitions in chromium-
Si (Ref. 5, where the long-wavelength edge of the photo-disilicide epitaxial films can be realized.
conductivity was found to lie at 1.0 eV, and the photocon-  This work was carried out with the support of the Rus-
ductivity maximum—at 1.35 eV. Here the width of the band sian Fund for Fundamental Resear@Brant No. 96-02-
gap of B-FeSp is equal to 0.87 eMRef. 5, and the long- 16038-a.
wavelength edge of the photoconductivity corresponds to the
absorption coefficient equal ta=1x10°cm *. For CrSj
epitaxial films the maximum of the spectral sensitivity is

found at 1.23 eV, which corresponds to the absorption coef-
J. M. Gay, P. Stocker, and F. Rethore, J. Appl. PM35.8169(1993.

. . — 71 . . .

f'c_'em equal tor~4x10°cm (?g' Zb)' For the_CrSg film 2N. I. Plusnin, N. G. Galkin, and V. G. Lifshits, Surf. Rev. Le®. 439
thicknessd=1000 A (or 1x10 ° cm) the quantityad=4, (1995.

which does not contradict the condition for the observation®F. Nava, T. Tien, and K. N. Tu, J. Appl. Phy57, 2018(1985.

WH H H N. G. Galkir . V. Velitchko, S. V. Sklipka and A. B. Khrustalev i
f h f = ) ) » )
0 p otocor dUCt|V|ty maxima for semiconductorsd=1 I i ( )

(Ref. 9. The integrated photoconductivity of CgSpitaxial sy 'c. Bost and J. E. Mahan, J. Vac. Sci. Technok,B13361986.

film in the energy range 0.500.83 eV(Fig. 1b supports the M. C. Bost and J. E. Mahan, J. Appl. PhS, 839(1989.

appearance of a weak photoconductivity signal in the region7V- Bellani, G. Guizzetti, F. Marabelli, A. Piaggi, A. Borghesi, F. Nava,
of energies close to the edge of the intrinsic absorption \N/émbﬁﬁigg\lko\/Ib#ysAgg\?% géé]gFls;Qné O. K. Andersen, and V. V.
(Eg_:0-34 eV) AS the thickness of the epitaxial f"ms of 8N, G. Galkin, A. M. Maslov, and A. V. Konchenko, Thin Solid Films
CrSk, on Si is increased to (23)Xx10 % cm, one might (1997 (to be publishey

expect to see a shift of the maximum of the spectral phOtO-gT- S. Moss, G. J. Burrell, and B. ElliSemiconductor Opto-Electronics
sensitivity into the energy range 6-®.8 eV. In preliminary 10&?;“&2"{3;2? II_D%I;/ds(.)gelv?]B?S 1863(1990.

experiments on Crgiepitaxial films with thickness from 1y p c. krijn and R. Eppenda, Phys. Rev.48, 9042(1991).

2000 to 8000 A the main photoconductivity maximum was!2V. E. Borisenko, L. I. vanenko, and S. Yu. Nikitin, Mikrtektronika21,
found to shift into the energy range 1:18.12 eV. 13359,319'_?3- ey Aool. Onticsh. 665 (196

In summary, the spectral range of the intrinsic photocon- > N- Humphrey. Appl. Optics}, 665 (1965.

ductivity of CrSi, epitaxial films ofA-type on Si(111) with  Translated by Paul F. Schippnick
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Enhancement of the photovoltaic effect in a two-dimensionally disordered medium
M. V. Entin®

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russia

(Submitted January 17, 1997; accepted for publication January 28) 1997

Fiz. Tekh. Poluprovodr31, 973—975(August 1997

The photogalvanic effect in a two-dimensional, weakly absorbing Dykhne medium without an
inversion center is studied. It is shown that a giant enhancement of the effective
photovoltaic coefficient occurs as a result of the divergence of the mean-square modulus of the
electric field. © 1997 American Institute of Physids$$1063-782607)02308-9

It has been shown in a number of recent wdrRghat Let an electromagnetic wave be incident on the sample
local electric fields in randomly inhomogeneous macroscopidn a direction perpendicular to the,f/) plane of the sample,
media consisting of nonabsorbing microscropic parts are inand let the medium be macroscopically isotropic and possess
tensified as a result of the excitation of local plasmons. As @ two-dimensional inhomogeneitg“(r)=¢“(x,y). Then
result, the averages of the even powers of the modulus of thiaere will be no distinguished directions in the plane and for
electric field diverge in such a medium. These quantities aréhe componentsi(j)=(x,y) the tensor of the averages can
determining factors for different nonlinear responses of théoe expressed in terms of the mean-square modulus of the
system, which should result in an enhancement of these ré’reld(E;"(Eﬁ’)*)=(1/2)5ij(|E“’|2>. Let us consider a Dykhne
sponses. mediunl — a two-phase statistically equivalent mixture of

We studied a special case of such effects — the photomedia with permittivitiess;>0 ande,<0 — as a model of
voltaic effect arising in a medium without an inversion cen-the high-frequency permittivitg. Specifically, it can be as-
ter. Let a high-frequency polarizatidd® and the local sta- sumed that the permittivity of the initial media is determined
tionary current density® in the medium be described by the by free carriers in the Drude—Lorentz model
expressions

2
4 Yp2
Di’=e“(r)E", 1) #12=1 o(w+ilT ;) ®
ji°=oo(r)E?+aijkEj‘°E;‘”+c.c., (2) and the light frequencyo falls between the close plasma

- frequencieswp(y 2. In this limit the low-frequency conduc-
where E, “=(E)*. The first term describes the high- tivity is virtually coordinate-independent while the high-
frequency part of the polarization of the medium at opticalfrequency permittivity has different signs at different
frequenciesw and the second term describes the low-points. At high frequencies 71 ande,=ej +ie] =1
frequency photovoltaic current. Both quantities satisfy Max-— wg(l 2)/w2+ i wf)(l 2)/(w37'), wheree] ,<e71 5.
well's equations Examples of the objects under study are semiconductor—

V.j°=0, VxE°=0, 3) semicpnductor,'m.etal—insulator, and metal—metal composite
materials, consisting of components with close properties in
V.D®=0 VXE®=0. (4)  the frequency range where the imaginary part of the permit-
tivity is less than the real part and the signs of the local
Let high-frequency permittivity ¢“(r) and the zero- yajyes ofe], are different. In semiconductors, this is pos-
frequency conductivityo®(r) be random functions of the sjple near the free-carrier plasma resonance, near a polariton

coordinates. _ o _ resonance, and near frequencies far above the optical absorp-
An effective photovoltaic coefficiert;j ¢t can be intro-  tjon edge.
duced by analogy with the effective conductivity as In the case of a Dykhne medium, an exact expression

|2
(0= (BN )= oo EPNED®). (5 Son, be Tound 1o the averageerlh). It folows from the
In Eq. (5) the average is a spatial average. In general, not & (E*)|2=(s"|E®]) 7)
only the directly photovoltaic current, but also the static re- eff '

sponse associated with the redistribution of the static fieldCarrying out the Dykhne transformation for the induction
described by the first term in E), contributes to the av- D“=¢E® and for the field in both media

erage current. However, the average of this term vanishes if 0 _ ©
a®(r) ande®(r) [and therefor&®(r)] are independent ran- E*'=(eer)[n> D],
dom quantities or the conductivity is completely independent D®' =g 4 nXE®], y— —X,
of the coordinates. In this case the expression for the effec- | . , .
. ) - . . which preserves the form of Maxwell's equatiof®) for
tive photovoltaic coefficienty;j, o« is determined by averag- them

ing the second term in Eq1l) and therefore reduces to the

average(Ej(EY)*). V.-D®'=0, VXE“ =0 9)

X—Y,

®
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and transforms medium 1 into medium 2 and vice versa angxes isx:<01T) and y:<2_11>, we find thatj,=0 and

thf/ expressep for_ the inductionD“=¢E® into jy=~/2/3aeﬁ|<E“’)|2.

D' =(eleer)EY’, we find Let us now discuss the results. First, we note that the
e (|E9|2)1=]el(|E“|2),. (10) approximation which assumes that the fluctuations of the

) ) i static conductivity are small does not affect the order of mag-
The subscripts 1 and 2 mean averaging over the first angityde of the response as long as these fluctuations do not

second media, respectively. Combining the expressi@hs exceed the average conductivity: dii{o))<1. This happens

and(10), we obtain because the enhancement of the photovoltaic effect is due
2le, 1||m(@) not to the closeness to the percolation threshold but rather to
(|E®|?) 1 ,=(|E“|?) ’ , (11)  the possibility of absorption of the field in a medium with no
' CHEP AN local losses.
|+ |25 IM(V 10, In the limit of a low light frequency the enhancement of
(|E“]?) = (leal +le2DIM(Vere2) I(E®)2. (12) (E)? appears in a metal—insulator mixture, where the ratio
elles| +ehleq] h=o1/0, of the static conductivities, which determines the

closeness to the percolation threshold, is small. In a percola-
tion system the mean-square field diverges. Indeed, it fol-

lows from Ref. 7 that in a system with conductivitiesand

a; 1|€o| T+ a; olE
(iy=21m(\ee,) ",f' : ,','2| Lieme s o
eiles| +esleq]

As a result, we obtain for the average photovoltaic current

_ o,to
Whereai’(l’z)— .(1/2)(aixxv(1’2)+ aiyy'(lyz)).. . <E2>: 1 2<E>2. (15)
In the particular case wheum; , are identical we have Vo105
_ (leq] +|e2))Im(V(e1£2)) If one of the quantitiesr; , approaches 0 and the other re-
(Ji)= e [{E®)|?= aes | (E)|2. mains bounded, thehE?)— . However, in this limit, in

sileal +ezled] contrast to the high-frequency case, to find the average cur-
14 rent it is not enough to average the magnitude of the current.

According to Eqs(13) and(14), in the region of weak local It is also necessary to solve an equation for the static field to

absorption £7 ,—0) the denominator approaches zero whilesecond-order in the alternating field, and it is impossible to

the numerator remains finiteéf £,<0; i.e., the photovoltaic conclude on the basis of the express(b8) that the effective

tensor is intensified. In a weakly absorbing medium thephotovoltaic coefficient diverges.

imaginary part of the effective permittivity remains finite | thank E M. Baskin for fruitful discussions.

under these conditions. The reason is that a local electric This work was supported, in part, by the Russian Fund

field is excited. The squared modulus of the electric field isfor Fundamental Research under grants Nos. 95-0204432

determined, according to E¢{), by the balance of the mac- and 96-0219353 and Volkswagen—Stiftung.

roscopic absorption and the rate of local losses, which are

determined by". In the transmission region of the medium ag_maii: entin@isp.nsc.ru

€1€,>0 the effective photovoltaic tensor is of the same or-

der of magnitude as the local tensor. LF. Brouers, S. Blacher, and A. K. Sarychev Fnactal Reviews in the

As an example, consider a noncentrosymmetric GaAs Natural and Applied Science$995, p. 237.
crystal without an inversion center, in which symmetry per- 2F. Brouers, S. Blacher, N. Henrioulle, and A. K. Saryche\Eirctrical

; ; Transport and Optical Properties of Inhomogeneous Me@aientific
mits a volume photovoltaic effect. Let us assume that a bulk Center for Applied Problems of Electrodynamics, Moscow, 1996, p. 46.

sample ConSi_StS of alternating strongly _and vyeaI§Iy d.Oped3A. N. Lagarkov, K. N. Rosanov, A. K. Sarychev, and N. A. Simonov;
“columns” oriented along thez=(111) axis, which is ori- submitted to J. Phys. A1996.

ented in a direction along the normal to the surfaces of the'J. P. Clerc, G. Giraud, J. M. Laugier, and J. M. Luck, Adv. PI8£.191
sa}mple, with statistically identiqal .properties. Specifical]y, 5M. V. Entin and G. M. Btin, JETP Lett64, 467 (1996

this can be the checkerboard distribution of the propertiessg . askin, M. v. Ftin, A. K. Sarychev, and A. A. SnargkPhysica A
The photovoltaic effect is enhanced near frequencies be-(in press. )

tween the free-electron plasma frequencies. In a bulk GaAsA. M. Dykhne, Zh. Esp. Teor. Fiz59, 110(1970 [Sov. Phys. JETR2,
sample the components of the photovoltaic tensor are all 63 (197D,

equal and of the type,3. Assuming that the orientation of Translated by M. E. Alferieff
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INAsSb/INAsSbP diode lasers with separate electrical and optical confinement, emitting
at 3—4 um

T. N. Danilova, A. P. Danilova, O. G. Ershov, A. H. Imenkov, N. M. Kolchanova,
M. V. Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted January 20, 1997; accepted for publication January 28) 1997
Fiz. Tekh. Poluprovodr31, 976—979(August 1997

Diode lasers based on InAsSb/InAsSbP with separate electrical and optical confinement, emitting
in the wavelength interval 3—gm, are investigated. The lasers attain a higher operating
temperature when electrical confinement is created by means of type-ll heterojunctions. Interface
Auger recombination is suppressed in lasers of this type, and the experimental current

density is close to the theoretically calculated value for the case of predominant volume Auger
recombination at a temperature of 180—-220 K. 1©@97 American Institute of Physics.
[S1063-78267)02408-3

1. Lasers emitting in the mid-infrared range are attract-(Fig. 1b), which we identify from now on as type-I and type-
ing considerable attention for their potential applications,ll structures, respectively.
specifically in optical communications utilizing fluorite The active region was identical for both types of struc-
glasses, in molecular spectroscopy with the capability fotures, having the composition Inf&Sh, o5 and a band gap
precision testing and control in high-technology industries,of width E;~0.376 eV, which corresponds to an emission
and also in medicine. The main problem for lasers based owavelengthA~3.3 um. The wide-gap optical confinement
[lI-1IV compounds and emitting in the range 35n is their  layers were also identical for both types of structures, having
low operating temperature. The only cases reported in ththe composition INAgsSky 18P 34 and E4~0.593 eV. The
literature to date are the operation of quantum-cascade lasestectrical confinement layers in the laser structure with a
based on GalnAs/AlinAs at a temperature of 320 K andtype- II heterojunction consisted of InAs with;~0.413 eV
emitting at a wavelength—~5 um (Ref. 1) and type-ll and at the boundary with the active region had discontinui-
guantum-well lasers with four constituents in each periodies of the valence bandE,~0.052 eV and the conduction
(InAs—Gg Ang sSb—InAs—AISDH operating at temperatures bandAE.~0.015 eV, so that the ratidE,/AE.~3.4. The
up to 350 K with pulsed optical pumping and emitting electrical confinement layers in the type-I laser structure had
at a wavelength~3 um at 300 K (Ref. 2. The same the composition INAggsSky sSky 0.1 With E;~0.464 eV
group of authors (see Ref. 2 has constructed and band discontinuities at the boundary with the active re-
InNAs—Gg _,In,Sb—InAs—AISb lasers emitting in the interval gion AE,~0.038 eV andAE.~0.050 eV. These values of
3.9-4.1um with pulsed optical pumping up to 285 (Ref.  the band gaps and the band discontinuities were calculated
3). In diode heterolasers emitting at wavelengths greater thafor a temperature of 77 K.
3 um a room-temperature operating level is not attained. For The active region was not specially doped, and it had
InAsSb/InAIAsSb diode heterolasers having several quantum-type conductivity with a density of electrons10'® cm 3.
wells in the active region and emitting at wavelengths ofThe wide-gapp-type InAsSbP layers were doped with Zn to
3.2—3.55um a maximum operating temperature of 225 K isa hole density~2x10*® cm 3, and then-InAsSbP was
attained in the pulsed regiffewe have previously investi- doped with Sn to an electron density10*® cm™2. The dop-
gated diode double laser heterostructures based on InAsSing level of the electrical confinement layers was approxi-
InNAsSbP(Refs. 5-9, which attained an operating tempera- mately half these values. The thicknesses of the layers of the
ture ~180 K in the pulsed regime. active region and the electrical confinement region fell

In the present article we have set the objective of inveswithin the interval 0.65-0.8cm, and the thicknesses of the
tigating diode laser structures having separate electrical anaptical confinement layers were 2.5u43n. The lasers had a
optical confinement and an InAsSb-based active region. Fanesa-stripe configuration with a stripe width of 15—5m
this purpose we have fabricated lasers with type-1 and type-land a cavity length of 255—-350m.
heterojunctions between the active region and the electrical The lasers were investigated in the pulsed regime with a
confinement layers. The type-Il heterojunctions had the oppulse duration of 100 ns and a repetition rate of #@ in the
timal ratio of valence-band to conduction-band discontinui-temperature interval from 77 K to the maximum operating

ties as determined theoretically in Ref. 10. temperature.
2. The laser structures were fabricated by liquid-phase 3. We now discuss the experimental results.
epitaxy on an InAs substrate oriented in tt00 plane. Figure 2 shows the current-voltagle-V) characteristics

Figure 1 shows the schematic arrangement of the layers iaf the laser structures of typg$221-2 No. 2 lasgrcurvel)

the laser structure and the energy diagrams in the lasing reand type 11(V1133-3 laser (curve 2) at a temperature of 77
gime for structures with a type-I heterojuncti@fig. 13 and K. Both |-V characteristics have cutoffs on the voltage axis
with a type-Il heterojunction as the electrical confinementat ~0.36 V. At currentsJ>0.5 A thel-V characteristic of
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FIG. 1. Configuration of layers and lasing energy diagram in ty(®-and type-Il(b) laser structures.

the type-Il structure becomes linear with a series resistancgre curves ofj, when volume recombination is predomi-

~0.45 Q. Thel-V characteristic of the type | structure be- nant, taking into account radiative recombination alone
comes linear at current3>1 A with a series resistance (curve 3), Auger recombination due to CHCC and CHHS
~0.55 Q). Thel-V characteristics change very little as the transitions alonésee Ref. 11 (curve4), or total recombina-

temperature is increased. tion (curve5). The calculations are based on the theory set
The threshold current densities of the investigated laserforth in Ref. 11.
at a temperature of 77 K have valuigg~800 A/cnf for the Since the maximum operating temperature is determined

best type-I samples arjg;~1000 A/cn for type-Il samples.  not only by the temperature dependence of the threshold cur-
Temperature curves gf, are shown in Fig. 3 for a type-lI rent density of the laser, but also by the optical losses, which

(S280 laser(curve 1) and a type-1I(V1133-3 No. 1 laser  increase with increasing temperature, we compare the tem-
(curve 2). The characteristic temperatures for type-l1 and

type- Il lasers areT,=35 K and 22 K, and the maximum
operating temperatures are203 K and ~145 K, respec-

tively. Also shown in this figure are the calculated tempera- 00 3
3 i .
.
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~ } oo
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Valtag'e v FIG. 3. Threshold current densityj,() versus temperatur€T). 1) Type-I

’ laser S28672) type-Il laser V1133-3 No. 13) calculated for predominant
volume radiative recombinatior) calculated for predominant Auger re-

FIG. 2. Current-voltage characteristicsTat 77 K. 1) Type-| laser S221-2  combination due to CHCC and CHHS transitioBstotal theoretical recom-

No. 2; 2) type-Il laser V1133-3. bination curve.
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FIG. 5. Degree of polarization of radiation versus the ratio of the current to

. . .. . he threshold current/Jy,. 1) Type-I laser S2862) type-Il laser V1133-3.
perature curves of the differential quantum efficiencies ofI m- 1) Typ )P

type-l and type-Il laser§Fig. 4). It is evident that the differ-

ential quantum efficiency of type-I lasefS286 laser, curve are identical at a temperature of approximately 100 K. The
1) and type-ll lasergV1133-3 laser, curve) decreases as total current densityFig. 3, curveb) is expressed by the
the temperature rises, the slopes of the curves increasing atelations j,,~T?° at T=77-90 K and j,~T’ at
certain temperature-120 K for type-l lasers and-150 K T=180-200 K. We note that the current density calculated
for type-Il lasers. according to this theory in lasers with a narrow-gap In-

To compare the influence of type-I and type-Il hetero-GaAsSh layer E4=0.62 eV} of large thicknes¢2 um) and
junctions on the coherent radiation of the lasers, we hav&aAlAsSh confinement layers agrees with the experimental
investigated the current dependence of the degree of polavalue!!
ization of the laser beams&=(Fqy—F1g)/(Frm+Fre), The threshold current density in the lasers investigated
whereFt),, andFg are the radiation intensities of TM- and here is almost an order of magnitude higher than the calcu-
TE-polarized light, respectively. The type-l and type-Il laserslated value aT = 77—-90 K, but its increase with the tempera-
have a high degree of TM polarization, for which the electricture has the same slope. The small slope indicates the pre-
field vectorE of the light wave is perpendicular to the plane dominance of radiative recombination, but the latter is most
of the p—n junction. The maximum value af is observed at likely the interface type. It is higher in type-Il lasers than in
a currentJ~1.54, and is equal to~80% for type-Il and type-I lasers. Interface Auger recombination is probably sup-
~73% for type-l lasers. pressed in type-1l lasefd,because the experimental current

4. Here we discuss the results of the investigation. density is close to the theoretically calculated value for the

It is evident from a comparison of the energy diagramscase of predominant volume Auger recombination at a tem-
for the type-l and type-ll laser§ig. 1) that thel-V charac- perature of 180-220 K. Interface Auger recombination
teristics of the laser diodes should not differ appreciably, anghould be significant in type-I lasers, because over the entire
this conclusion is corroborated by measurements. The cutemperature range the experimental current density is almost
offs of thel-V characteristic¥/;, corresponding to the mini- an order of magnitude higher than the theoretical value cal-
mum width of the band gap, i.eEq4 in the active region, culated with allowance for volume Auger recombination.
indicate that the main resistance in either type of laser is the  The fact that the maximum operating temperature is de-
p—n junction and not isotypic junctions. The curvature of thetermined not only by the excess of the current above the
|-V characteristics indicates that the resistance of isotypithreshold level, but also by the sharp drop of the differential
junctions varies as the current is increased. quantum efficiency with increasing temperat(Feg. 4), im-

In analyzing the temperature dependence of the threstplies that the radiation losses increase with the temperature
old current density, we take only volume recombination intoas a result of absorption by free carriers. Since the two com-
account, because the band discontinuities at the heterojunpared types of lasers have identical active regions, the higher
tions of the active region are commensurate with and  absorption losses of the type-l lasers probably takes place
merely create qualitative trends. either in the electrical confinement layers or at their hetero-

The threshold current density, with predominantly  junctions.
volume radiative recombination must increase with the tem-  The significant influence of the heterojunctions on the
peratureT according to the lawj,~T*? (Fig. 3, curved).  emission of radiation is indicative of the nature of the radia-
When Auger recombination due to CHCC and CHHS tran-tion polarization(Fig. 5). The radiation from type-I and type-
sitions is predominant, we hayg~ T’ (Fig. 3, curved). The |l lasers is predominantly TM-polarized. It has been shbwn
calculated radiative and nonradiative volume recombinatiorthat indirect radiative transitions associated with interaction
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TM-polarized. Since the degree of TM polarization of type-Il *J. I. Malin, J. R. Meyer, C. I. Felix, J. R. Lindle, L. Goldberg, C. A.
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Electron-probe microanalysis of doped PbTe and Pb  ,3Sng,Te single crystals
M. V. Bestaev, A. I. Gorelik, V. A. Moshnikov, and Yu. M. Tairov

St. Petersburg State Electrical Engineering University, 197376 St. Petersburg, Russia
(Submitted January 22, 1997; accepted for publication January 28) 1997
Fiz. Tekh. Poluprovodn31, 980-982(August 1997

The distribution of the elements in naturally faceted PbTe ang$g ,Te single crystals doped
with zinc and cadmium is analyzed. The results show the formation of a multilayer
structure with an outer layer of ZnT€dTe on top of a metallic sublayer. €997 American
Institute of Physicg.S1063-782807)02508-9

Lead-tin chalcogenides enjoy broad applications in infra-  We have previously shown that during the diffusion of
red optoelectronics.As a rule, device fabrication involves indium, tin, lead, and germanium in PbTe and PbSnTe the
doping. This practice has stimulated intensive research otellurium vapor pressure of the crystal itself, being dependent
diffusion processes in PbTe, PRSnTe, PbSe, on the deviation of its composition from stoichiometry, plays
Pb,_,SeTe, and other chalcogenides. Group-Il and group-a vital role in mass transfer through the gaseous phaém
[Il elements are the most commonly used dopants. Chalcahe other hand, the segregation of lead is known to be ob-
genides doped with these impurities have a number of uniquserved when lead telluride is doped with zinc or cadmfum.
new properties. We have proposéda model whereby a multilayer structure

The diffusion parameters are usually calculated fromis formed on the surface of lead telluride. The outer layer has
concentration profiles obtained by grinding off successivea ZnTe or CdTe composition and rests on top of a lead sub-
layers (radioisotope assay, thermal probing, and other techlayer.
niques were uséil The trend here is to describe the experi- To confirm the proposed model experimentally, it is nec-
mental results on the basis of conventional diffusion modelgssary to conduct investigations of high-quality, naturally
employing one or more diffusion models. faceted single crystals. When the structural integrity of the

—

: “—; i :. 'rv ‘_”"

FIG. 1. Qualitative distribution pat-
tern of elements in the surface layer
of a PbTe single crystal doped with
zinc by diffusion annealing from the
gaseous phase for 10 h at 973 K.
a) Electron-absorption image
(100X 100 um?); b) x-ray image in
KalZn emission; £ x-ray image in
LalPb emission; dx-ray image in
LalTe emission.
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FIG. 2. Qualitative distribution pattern of elements in the surface layer of,a3Ph,Te single crystal doped with zinc by diffusion annealing from the
gaseous phaserfé h at 973 K. 3 Electron-absorption image (28@®00 um?); b) x-ray image in L,,Pb emission; xx-ray image in L, Te emission; yx-ray
image in L,;Sn emission; ex-ray image in k¥klZn emission.

surface of a single crystal is disturbed, useful information idows from the electron-absorption image that pore consolida-
lost through head-on diffusion fluxes. The objective of thetion is observed at the boundary of the second layer with the
present study is to investigate the diffusion of zinc and caduntreated single crystal. This phenomenon is attributable to
mium on PbTe and RRSn, ;Te single crystals. the uncompensated loss of tellurium. The difference in the

The PbTe and RlgSn, »Te single crystals were prepared configurations of the intermediate layer in the investigated
by a technique described in Ref. 8. The crystals had dimersamples is dictated by the higher degree of perfection of the
sions 53X 2 mm and were faceted alorij00 planes; the PbTe single crystals. A similar pattern of segregation of lead
density of charge carriers had values of 50'’-5x 10"¥cm  and tin was observed in doping with cadmium. It follows
~3 for PbTe and PgsSn, ;Te. Diffusion annealing was per- from the reported investigations that diffusion models with
formed from the gaseous phase in evacuated and sealed cdgaditional boundary conditions cannot be used in determin-
sules. The concentration distribution after diffusion annealing the diffusion parameters of cadmium and zinc in lead-tin
ing was determined by electron-probe microanalysis on thehalcogenides.
surface of a slice cleaved perpendicular to the direction of
diffusion.

A§ e>_<am_ples, Figs. 1 and 2 Sh‘?W the results of ana'Iyz'nglN. Kh. Abrikosov and L. E. ShelimoveSemiconductor Materials from
the distribution of the elements in zinc-doped PeTe and |v-vi Compoundsin Russiaf, Nauka, Moscow(1975.
Phy gSny oTe single crystals. It is evident from the figure that 2y. 1. Kaidanov, S. A. Nemov, and Yu. |. Ravich, Fiz. Tekh. Poluprovodn.
the outer layer contains zinc and tellurium in both cases.,2& 369 (1994 [Semiconductor28, 223(1994]. . .

L. . . B. I. Boltaks,Diffusion and Point Defects in SemiconductfirsRussian,

Beneath it is a layer that does not contain any zinc or tellu- \auka; L eningrad1972.
rium. During the diffusion annealing of PbTe the second *Mm. v. Bestaev, T. T. Dedegkaev, and V. A. Moshnikov, Fiz. Tverd. Tela
layer has essentially a pure lead composition, and in the casse(hlﬂ-ec/ing;i?ag 1T86T8%9632 [I(S;g\; Z’;)&S-VszlidMSOt;’ﬁ?k 01\112F2i§19T?2]r-d Toln
of Phy Sty ;Te its composition corresponds to a mixture of "/ o et )0 664 S0y, phys. Solid Staté, 1335(1984],
lead and tin. The mass concentrations of tin are much higheta v Novoselova, V. P. Zlomanov, A. M. Gas'kov, L. I. Ryabova, and
in this case than in the as-preparedtreated crystal. It fol- M. A. Lazarenko, Vestn. Mosk. Univ. Khin22, 3 (1982.
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M. V. Bestaev, T. T. Dedegkaev, T. B. Zhukova, and H. V. Siukaev, in 8M. V. Bestaev, A. I. Gorelik, and V. V. Tomaev, Izv. SP Godel&
Proceedings of the Fourth All-Union Conference on the Kinetics and trotekh. Univ., No. 495, 411996.

Mechanism of Chemical Reactions in the Solid SfateRussian, Inst.

Khim. Fiz. Akad. Nauk SSSR, ChernogolovkE986. Translated by James S. Wood
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Steady-state lux-ampere characteristics of compensated crystals at various excitation
intensities

A. A. Lebedev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted January 24, 1997; accepted for publication January 28) 1997
Fiz. Tekh. Poluprovodr31, 983—-986(August 1997

Equations are derived in parametric form for calculating the steady-state lux-ampere
characteristics of photoresistors with an arbitrary concentration of deep levels at arbitrary
excitation intensity. The conditions underlying the formation of the sublinear and superlinear
segments of the lux-ampere curve as a function of the excitation intensity and the
concentration and parameters of the deep levels can be determined from calculations according
to the derived equations. @997 American Institute of Physid§1063-78267)02608-2

Difficulties are encountered in calculating the photoex-and p are the densities of free electrons and holes, respec-
citation curves, or so-called lux-ampere characteristicgively. The neutrality condition under the stated assumptions
(LCCy9), in general form for photoresistors made from com-has the form
pensated crystals in the presence of a high concentration of
deep levels, because the nonequilibrium carrier lifetime is
not constant in this case, but depends on the deep-level fileombining Eqs(1) and(2), we obtain the following expres-

ing factor. As a rule, only the limiting cases of a low con- sjon for the rate of generation of electron-hole pairs in di-
centration of deep levels and weak or strong excitation argnensionless units:

considered. In this article a simple method is proposed for
calculating the LCC for an arbitrary concentration of deep oo G m'(l—m')(Né—m')>o
levels and an arbitrary excitation level. a,M? m —6(1—m’)

n+m=Ngy+p. 2

()

wherem’=m/M, Nj=Ng4/M, and = ap/ay.

The nonequilibrium conductivity of the crystdfor
Ng<M) is

Here we investigate crystgls that contalr_1 shallow levels o=+ qupp.
and are compensated by a single type of simple deep-level
centers. For definiteness we consider crystals doped witMaking use of Egs(1) and(3), in dimensionless units we
shallow donors at a concentratidty and with deep accep- can write

THE MODEL

tors at a concentratioM. All levels in the crystal are as-
sumed to be uniformly distributed throughout the volume. . _ o -G’ b + i _ (4)
The temperature is assumed to be such that shallow donors qupM 1-m m

are fully ionized, and thermal exchange by electrons between

the deep levels and allowed bands can be disregarded.

also assume that the generation of electron-hole pairs tak ) ! .

place uniformly throughout the entire volume of the sample, E_quatlons(S) and (4) are earamet_rlc equations for_ cal-

i.e., that the photon energy of the incident radiation is closéulating the LCC by varyingn” at arbltra_ry concentrations

to the width of the band gap of the crystal, and the absorptior‘?f shallow and deep levels and any excitation intensity.

coefficient is small in comparison with the reciprocal of the

sample thickness. We assume that recombination through

surface states and other types of deep levels in the volume GALCULATION RESULTS

negligible. The generation of electron-hole pairs is also pos-

sible in the presence of injection fronpan junction. In this At very high excitation intensities@—) such that

case we assume that the thickness of the sample is mudh=p. it follows from Eg. (1) that the maximum filling of

smaller than the diffusion length of nonequilibrium carriers. deep levels is given by the equatiori = 6/(1+ 6). Substi-
Under these assumptions the excitation intenéiggn-  tuting this value ofm" into Eg. (4), we obtain

eration rate G is related to the recombination of electrons o' =G'(b+1)(6+1), (5)

and holes by the equation

ereq is the electron charge,, andu, are the electron and
le mobilities, respectively, antg= u,/u, .

i.e., at a high excitation level the LCC is always linear, and
o' is essentially independent éffor 6<1.

wherem s the concentration of electron-populated deep lev-  Equations(3) and(4) are simplified for a narrow excita-
els, anpy=v1Sy(p), v is the thermal velocityS,,, is the  tion level under the condition =M (exact compensation
electron(hole) capture cross section of the deep levels,and #>1, andm’'=<1:

G=ay(M—m)n=a,pm, (1)
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FIG. 1. Dimensionless conductivity’ versus dimensionless excitation in-
tensityG’ for b=23. Left scale(a), =103 1) Ng=1;2) 0.999;3) 0.99;4)
0.95;5) 0.1. Right scaldb), §=10% 6) Nj=1; 7) 0.99. Inseto’ versusN}
for G'=10"1% 8, 9) ¥=10"3; 10, 11) 6=10°.

bG’
L

G'~(1-m")?
( ) P

(6)
i.e., the LCC is practically independent éfand at a low
excitation level is sublinea(Fig. 1a, curvel). It becomes
linear asG' increases.

In crystals with inexact compensatioN{<M) the LCC
is linear at low excitation intensities. A8’ increases, the
deep levels empty, then beginning with a certain valué of
the LCC becomes sublineé¥ig. 1a, curve®2-4), and with a
further increase irG’ it once again becomes linear. In the
high-G' range it follows from Eq.(5) that the LCCs for

04

/)
-10

log &'

FIG. 2. Dimensionless conductivity’ versus dimensionless excitation in-
tensity G’ for b=3. @ #=10% 1) N;=0; 2) 0.01;3) 0.3. h 9=10"3: 4)
N;=0; 5) 0.01. Inset: Graph of’ vs.NJ}: 6) #=10% 7) 9=10"3.

For Nj=1, #>1, and weak excitationnf’~1), when
the conditionm’> 6(1—m’) holds, Eq.(6) is valid, and the
LCC is sublinear(Fig. 1b, curve6). The sublinear LCC
eventually becomes linear &' increases. The LCCs essen-
tially merge after a deviation from exact compensation
(Ng#=M) (Fig. 1b, curve7). Calculations have shown that
the slightest deviation from exact compensation106)
causesG’ to drop by several orders of magnitude and be-
come almost independent ®f; (see the inset to Fig. 1,
curvesl0andl1l).

We now consider another limiting case, whiig=0,
i.e., when shallow donors are nonexistent or have a very low
concentration. ForNyg=0, 0>1, and weak excitation

different N; merge. In the case of inexact deep-level com-(m’~0), andm’<6(1—m’) we have
pensation, therefore, the LCC acquires two linear segments
at low and high excitation intensities and a sublinear segment
in between. Such LCCs can serve as a measure of inexact G'~
deep-level compensation. If the degree of compensation is
close to the maximum filling of deep levels & —, the
LCC is practically linear over the entire range®f (Fig. 1a,
curveb).

The inset in Figu. 1dcurves8 and 9) shows plots of
o' =f(Nj) for G'=10"1° For Ng>M shows the behavior
of Ag’ due to nonequilibrium carriers. In the previous nota-
tion it is given by

(m’)?
T

Go
o'=—=06G’,
m/

®

i.e., the LCCs are sublinear and depend énAs G’ in-
creases, the LCCs become linear in accordance (wjttFig.
2a, curvel). However, in contrast with the preceding case,
the sublinear and linear segments of the LCC are separated
by a superlinear segment. It is attributable to the fact that the
deep levels fill up with electronsy(’ ~1), and more mobile
electrons begin to prevail in the conductivity. Butdf1,
this segment disappears from the LQ&g. 2b, curved).

If the deep levels are partially filled with electrons
(NG>0), the LCC is linear in weak excitation, but &
It is evident from the inset in Fig. 1c that thdar’' (Ng) curve  increases, it becomes successively sublinear, then superlin-
is symmetric about the maximum Biy=M, and a 1% de- ear, and finally linea(Fig. 2a, curve2). The conductivitys'
viation of Nj from unity causess’ to decrease by three drops by several orders of magnitude Md$ increases. The
orders of magnitude. o’'=f(Ng) curve is comparatively smooth fof>1 (see

—b(Ng—1).

Aa’=G’< (7)

0
+_
1-m m
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|~ ———G'.
(1-R)7y
The power of the incident radiation for a photon enengyis
given byW=qhuwl.

These equations can be used to estinhaedW for any
value of G’. For estimation we assume that=1.5x 10’
cm/s, S,=1x10"1° cn?, M=1x10" cm 3, R=0.3, and
7»=10 cm L. It is evident from Fig. la that the transition
from the sublinear to the linear LCC takes placeGdt=1.
We then haven~0.5 W/cnt for h»v=2 eV. The transition
from the sublinear to the superlinear LCC fé+ 10* takes
place atG'~10"* (Fig. 3, curve3), i.e., for W=~5x10"°
W/cn?.

log 6’ These estimates are very approximate, since the excita-
tion intensity is not uniform throughout the volume, particu-
FIG. 3. Graph ofs’ vs.G’ for N;=0, b=15.1) 6=1; 2) 10% 3) 10 4) larly for large values ofyd, and the LCCs become even
10°. more dependent on the carrier diffusion length.

CONCLUSIONS

The above-described simple model is suitable for ex-
decrease of' at N'~0.01. after whicho' remains almost plaining both the sublinear and superlinear behavior of the
d - nonequilibrium conductivity of crystals doped with deep lev-

constant(inset to Fig. 2, curvé). : :
¢ g ) gls of only one type. It is not necessary to invoke the model

The calculations whose results are shown in Fig. 2 ar fd levels with distributed ionizati Gié d
based on a comparatively small difference in the mobilities AP 1EVEIS With diStributed lonization energies order

of electrons and holesb=3. In some semiconductors the € account for the superlinear LCC. This model can also be
ratio b attains a value of 100.?eefs 3 and # The superlinear used to estimate the influence of deviation from exact com-

segment of the LCC is far more pronounced in such materipensation on the photosensitivity of crystals. In comparing
als. Figure 3 shows the results of calculations for 15 the results of the calculations with the lux-ampere character-

N.=0. and several values af=1. It is evident from the 'Stcs of real structures, it must be borne in mind that the
fig;ure ,thatcr’ increases by one or. two orders of magnitudegiven model disregards recombination through other kinds of

on the superlinear segment. It follows from E§) that the centeri in the voI;Jmtg an;j rc:n”the s;r(fjace, thet volume_-
linear segment shifts toward low@&@’ as ¢ increases. Con- onuniform concentration of shaflow and deep centers, exci-

sequently, in the presence of a certain ambient iIIuminatioﬁation. intensities, ‘.”‘.nd other characteristics specific to real
the sensitivity of photoresistors made from crystals having aexperl'mental COI’IdI"[IOﬂS. .
low hole mobility and doped with higld- impurities in- | It is proposed in the future to _extend t_he_model, tak_lng
creases considerably. m_to account the thermal and optical excitation of carriers
These results are readily extended to compensated cry‘é"—'th deep levels.

tals with hole CO_I‘IdUCtIVIty. . . . 1S. M. Ryvkin, Photoelectric Effects in Semiconducta®nsultants Bu-
We now estimate the results of the calculations in di- reau, New York(1964 [Russian original, Fizmatgiz, Leningrd@963].

mensionless units. The volume-averaged generation rate i%A. A. Lebedev, inPhotoelectric Effects in Semiconductors (Conference

related to the intensity of radiation incident on the sample ,Proceedingslin Russian), Ylym, Ashkhabad1991. _
surface by the equation R. A. Smith,Semiconductor€Cambridge Univ. Press, Cambridge, 2nd ed.

(1978 [Russian trans., Mir, Mosco\1982].
_ _ _ _ 4V. L. Bonch-Bruevich and S. G. KalashnikoRhysics of Semiconductors
G=1(1-R)[1 exp( nd)]/d, [in Russian, Nauka, Moscow(1990.

whereR and 7 are the reflection and absorption coefficients, “A: Rose, Concepts in Photoconductivity and Allied Problemater-
respectively, andl is the thickness of the sample. Under the SCience: New York1963 [Russian trans., Mir, Moscow966.
condition nd<1 we have Translated by James S. Wood

the inset to Fig. 2, curvé). If 6<1, we observe a sharp
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Evolution of static negative differential conductivity in Ga 1-xAl ,As as a function of the
transverse magnetic field and the composition of the solid solution

G. E Dzamukashvili, Z. S. Kachlishvili, and N. K. Metreveli

Thilisi State University, 380028 Thilisi, Georgia
(Submitted January 18, 1996; accepted for publication January 30) 1997
Fiz. Tekh. Poluprovodn31, 987—-988(August 1997

The authors investigate the behavior of the current-voltage characteristic of electrons under
conditions of dynamic intervalley transfer in strokg H fields in a solid solution Ga ,Al,As as

the energy gap\e between the lower and upper valleys is gradually diminished. It is

shown that the static negative differential conductivity is particularly sensitive to variation of the
magnetic fieldH for small gapsAe. IncreasingH suppresses the static negative differential
conductivity in this case. This technique can be used to eliminate low-frequency Gunn oscillations
while simultaneously preserving the dynamic negative differential conductivity, which is
suppressed in the submillimeter spectral range. 1997 American Institute of Physics.
[S1063-782@7)02708-1

1. We have previously demonstrafethe onset of dy- the conditionse*<#%w andeX<e, are readily satisfieds(
namic negative differential conductivity(NDC) in is the average electron energy ¥valleys, so that after
Ga, _,Al,As in crossed=L H fields — in the cyclotron reso- X—TI' scattering, electrons transfer to a circular strip of
nance effect. The resonance is more pronounced, the smalleidth £* along the constant-energy surfacge=Ae —fiw*,
the energy gap\e between thd” and X valleys. However, and in this case thE valley contains two clearly distinguish-
the experimental observation of dynamic NDC is obscuredble groups of electrons in thievalley, A andB (see Fig. 1,
by the possible onset of low-frequency oscillations associthat initiate motion in momentum space from the half-disks
ated with static negative differential conductivity, which is €1=const,P,<0 ande;=const,P,>0, respectively. They
responsible for the Gunn effect. The difficulties encounteredProvide different contributions to the formation of the distri-
in attempting to eliminate static NDC are well known. One bution function? The centers of the electron phase trajecto-
technique involves the application of a magnetic field to thd1€S are situated on the segmem, (P.,0)— Py <P,<Py,
sample. For example, it has been shd#at as the magnetic Where
field is increased in short GaAs samples, the modulus of the = *

NDC decreases, and the maximum of the current-voltage P1=V2Mrey,  Po=CompE/H,
(I-V characteristig shifts toward higher electric fields. A m is the effective electron mass in tiievalley, andc, is
second way to eliminate static NDC is to decrease the gaghe speed of light. In the case

Ae. We generally prefer this approach, because the cyclotron

resonance discussed in Ref. 1 is more pronounced. Conse- P1+Pg

guently, the simultaneous application of a magnetic field and P1<Pc<
a reduction ofAe should establish highly favorable condi-

tions for the experimental implementation of dynamic NDC.C-type trajectories appear in phase sp@ee Fig. 1 where
To the best of our knowledge the problem has never beeR1 andPg are the radii of the disks formed by the intersec-
studied in this aspect. tion of the yz plane with the surfaces;=const and

In this report we give the results of an investigation of £0=CONst, respectively:
thel-V characteristics in the presence of dynamic intervalley , ., _ -
electron transfer in strongL H fields in Ga_,Al,As as the P1=VP1=PL  Po=VPo— Py (Po=v2mreo).
gap Ae is gradually diminished. We show how the static  the transfer of electrons from open trajectorie€tra-
NDC. gnd the c.rltlcaliﬁel.d for its onset vary under thesejectories is achieved only through transfers in the upper val-
conditions. The investigations have been carried out on shofbys (C trajectories intersect the surfaeg=const). The
samples (/d<1, whereL andd are the length and a char- transfer of electrons fron trajectories to open trajectories
acteristic transverse dimension of the samp® that the takes place by virtue of the finite quantity,,= Tgpl_ The
Hall voltage is shorted. The current in the sample runs in thejegree of redistribution of electrons between closed and
same direction as the external fietid open trajectories for fixed values dfe andE is character-

2. We assume that the temperature and the electric fielgzed by the parameter,,/ ., wherew,=eH/comf is the
are such that they validate the conditioms<7,, and  cyclotron frequency. We assume for simplicity thaf, is
KoT<Aw*. Here ¢ is the warmup time of electrons in the independent of the energy. In the case
I' valley to the energy of initiation of intervalley transfer
eo=Ae+hw* (ho* is the intervalley phonon energyBe- b >|:’0Jr Py _pt @
cause of the large effective mass of electronXimalleys, ¢ 2 ¢

€y
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FIG. 1. Diagram of intervalley electron transfées and the distribution of
electrons in momentum space of thevalley (b) in the two-valley conduc-
tion band model. Herd" is a light valley, andX is a heavy valley.l)

I'— X transfers2) X—TI" transfers. The arrows indicate the free motioof

andB electrons;C electrons are closed in the magnetic trap.

all trajectories are open. We denote By the minimum
value of the electric field at which conditiof®) holds for
given H. The kinetic equation for the electron distribution
function in theT" valley fr in homogeneous static electric
and magnetic fields with configuratiorE||z and H||x has

the form
afr ofr ofr
_+ [
eEp, T e Pgp, ~Pyap,
Nle 2 2

where the quantity
vy =Dix(m) ¥ e/ 2mh3pow*

is a characteristic frequency of thé—1T" transition,Dry is
the deformation potential of intervalley scatteringjs the
density of the sampld\, is the density of electrons in the
valley, and thes-function is introduced because of the small
width of the source in thd" valley. The coefficient of the
é-function is a normalization factor. The termw,,fr- in Eq.
(3) appears only o€ trajectories. In the casE<E* those

3

closed trajectories which do not intersect the surfaees,

appear in the energy range<eq. The electron distribution
on these trajectories is symmetric about xlyglane. Conse-
quently, the current generated along the fiéldoy these

electrons is equal to zero.
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FIG. 2. Current density versus electric fieldE for a Gg ;Aly sAS structure,
Ae=45i0*. 1,1) v,=1.2x102 571 2,2) 6x10" s7%; 1,2 H=10
kOe, ©,=1.9x10" s Ef=75 kvicm; 12) H=20 KkOe,
0.=3.8x102 s, E3 =15 kv/cm.

3. The triple integrals in the current equation have been
evaluated by the Monte Carlo method. Figures 2 and 3 show
some of the results of our investigation of theV character-
istics. As expected, the modulus of the NDC decreases as
Ae decreases and as the magnetic field is increased. In the
latter case, as in Ref. 2, the maximum of 1k&/ character-
istic shifts toward higher electric fields. The total conductiv-
ity in the I' valley decreases ag, decreases. Each of these
results is physically obvious.

In fact, the decrease in the modulus of the NDC with
decreasingAe is attributable mainly to a decrease in the
energy interval &e<Ae—#hw* in which the distribution
function is inverted. The NDC associated with this inversion
is particularly sensitive to a variation ¢i for small gaps
Ae. An increase inH drastically undermines the inversion
condition. Consequently, the modulus of the static NDC is

1
l’..—
N
g i
3
a2 |
o ll |
- |
1 I
| I
e
10
E" g
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FIG. 3. Current density versus electric fieldE for a Gg gAlg3AS struc-
ture, Ae=17ho*. 1,1) v,,=1.2x10"% s7%; 2,2) 6x10" s7%; 1,9
H=10 kOe, 0,=1.8x10" s, Ef=45 kV/icm; 1',2') H=20 kOe,
0.=3.6x102 s 1 E3 =9 kv/cm.
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easily diminished for such values dfe. For example, if different values are given for the parametgy; they are the
Ae=(4-5)hw* atH=40 kOe, the NDC is so low that it is values most often used by various authors. It is obvious that
not sufficient to bring on instability in a static electric field. for E>E* the |-V characteristic must coincide exactly with
Moreover, for fixed values ke andE the current decreases the |-V characteristic plotted for the case of zero scattering
asH increases. Indeed, with an increaseHnthe residence on open trajectories. The curves plotted for different values
time of electrons in thé' valley increases, as does the num-of v,, therefore merge into a single curvelatE*.
ber of electrons held in the magnetic “trap,” and the current  The results of detailed investigations and similar reason-
therefore decreases. ing show that the modulus of the static negative differential
A gradual increase iiE at fixed H causes electrons to conductivity becomes positive fohke~7% w*. This fact is
jump from closed trajectories to open trajectories, and theialso confirmed by calculations of the frequency dependence
fraction in the conductivity increases. Upon application of aof the differential conductivity in a high-frequency field.
strong magnetic field, the current again drops for the well-
known reason. This accounts for the shift of the maximum of 1G. E Dzamukashvili, Z. S. Kachlishvili, and N. K. Metreveli, Pis'ma zh.

the |-V characteristic toward higher values BfasH is in- Eksp. Teor. Fiz62, 220(1999 [JETP Lett.62 234(1995].
creased 2V. B. Gorfinkel’, M. E. Levinsht® and D. M. Mashovets, Fiz. Tekh.
’ Poluprovodn13, 563 (1979 [Sov. Phys. Semicond.3, 331 (1979].

The above-described quantitative dependence of-the  3a A Andronov and G. EDzamukashvili, Fiz. Tekh. Poluprovodas,
characteristic on the parametey, (which is taken into ac-  1810(1989 [Sov. Phys. Semicond9, 1111(1985].
i i it AALA. . A. Valov, V. A. Kozlov, and L. S. Mazov, Pis’'ma Zh.
count only for electrons moving on closed trajectories ékA ATndron'gv,s\g 22?3/?1950 TP e 61 iosal
purely a model representation. It indicates the role of intra- — P ' °°" %24 L ethos !
valley scattering in the range of electric fiel#s<E*. Two  Translated by James S. Wood
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Inversion of the conduction type of epitaxial films of PbSnTe solid solutions under the
influence of laser irradiation at subthreshold power

Yu. B. Grekov and T. A. Shlyakhov

Omsk State University, 644077 Omsk, Russia
N. A. Semikolenova

Institute of Sensor Microelectronics, Siberian Branch, Russian Academy of Sciences, 644077 Omsk, Russia
(Submitted January 14, 1997; accepted for publication February 4) 1997
Fiz. Tekh. Poluprovodn31, 990-992(August 1997

Conduction type inversion processes in Pfsn Te epitaxial films irradiated by a CQaser
(A=10.6um) at subthreshold power is investigated. It is hypothesized that the stable inverted state
is a result of the formation of neutral metal and chalcogen divacanciesl9% American

Institute of Physicg.S1063-782807)02808-1

INTRODUCTION (p=7x10" cm™3) after laser irradiation at various power
densities. The hole density decreases as the power density of
the laser beam is increasédurves 1-4), and conduction
type inversion is observed at a power dengity,~30 W/

cn? (Fig. 3, curve5). The inverted state is stable up to room
temperatures. The variation of the Hall coefficient of this
sample as the laser power density is varied at temperatures of

For the fabrication of active elements of optical inte-
grated circuits utilizing semiconductor solid solutions
Pb,_,SnTe it is necessary to vary the density of charge
carriers in epitaxial structures over a wide range, frorf® 10
cm 2 for photodetectors to 8 cm™3 for optical lasers.

It is generally known that the irradiation af-type . A
PbSnTe by a laser beam at wavelengths of 0@8%and 1.0 297 K and 77 K'is shown in Fig. 4.

pm (photon energy greater than the width of the band gap At r?dtl)?tlonl mtensﬂyF_:_E P‘“Vi |n\{[¢r5|on states, WTCh th
fio>Ey) with energy density above the recrystallization are unstable, aiso arise. 1he relaxation processes return the

threshold leads to inversion of the conduction type, and théample top-type conductivity state in a t|r'ne.of 2.40_260h’
as observed at room temperature and liquid-nitrogen tem-

hol ity i th f itude if} L foorn fempe .

o€ deq5| y mcreaseg by more than an order of magnitude Iperatures. Additional irradiation can be used to obtain stable
p-type single crystald: ; at

In the present study-Ph,gSmny,Te films prepared by Invserse states.

hot-wall epitaxy on a(111)-oriented Bak substrate have piSCUSSION OF THE RESULTS
been subjected to laser irradiation. A source of composition As mentioned in Ref. 4, crystals of PbSnTe solid
Py eSry o)1 0Teo9 Was synthesized from R¥9.9999, o, ions prepared from stoichiometric melts are character-
Sn(99.9999, and T€T-V4). Prior to the start of epitaxy the
space containing the reaction chamber was evacuated to -

pressure of~2x 10 ® Torr. The substrate temperature was 006900 7 o
240 °C. The source was heated to 550 °C, and the wall tem 00000 Q’%%
perature was ten degrees higher. A secondary tellurium Jor- 2

source was introduced to vary the hole density in the AL TN
samples. The investigated epitaxial layers were in the form ;.
of squares with a side of Bm, and the film thicknesses were

10-40 um. The epitaxial films were laser-annealed in an & 0 E‘
evacuated chamber. A continuous-wave,d&ser emitting ~ L
at the wavelength =10.6 um was used for irradiation. The N
power density of the radiation was below the recrystalliza- < p++++
tion threshold. In every case the width of the bad gap of the < JF}-
films E4=(0.21-0.22 eV satisfied the conditiok,>% .

EXPERIMENTAL RESULTS g ',,yv"
L AAd
Figure 1 shows the temperature dependence of the Hal 1 Sv"""
coefficientR in the interval T=77-400 K for a series of R |
samples with different hole densities. The dependence of the - L ; -
Hall mobility x on the hole density at 300 K is shown in Fig. 700 200 T. K Joa 400
14

2. The functional dependenc&{T) and w(T) for all the
investigated sgmples are consistent with published EXPETEG. 1. Hall coefficientR versus temperatur® for Phy ¢Sy ;Te epitaxial
mental data. Figure 3 shows the temperature dependence s with various hole densitiep. 1) p=1.3x 107 cm~2; 2) 2.9x 10/

the Hall coefficient for a film with the maximum hole density ¢cm™3; 3) 5.8x 10" cm™3; 4) 14x 10" cm™3; 5) 70x 10" cm™3.
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FIG. 2. Carrier mobilityx versus:1) hole densityp before irradiation;2) 5 l|
electron densityh after irradiation.

; :
ized by large concentrations of defects — metal vacancie ., Jh |
and chalcogen vacancies — which are electrically active -~ 2k |
Moreover, as a result of concentration subcooling, the § |
Pb,_,SnTe crystals are characterized by the presence o 7< |
zones enriched with metal and tellurium, irrespective of the |
contents of the components in the nditin all probability, g |
under certain growth conditions the metal- and tellurium-  _4 |
enriched zones can also exist in epitaxial films grown by the | °
hot-wall technique. The diffusion of metal atoms from such zr |
zones can induce a change from hole-type to electron-typ  =J} o

conduction, because every time metal atom fills a vacancy in

the metal sublattice, it liquidates two holes from that va-rFiG. 4. Hall density versus laser power density for epitaxial film

cancy. On the other hand, metal ions situated in the interPhy sSr .Te with a hole densityp=7x 10" cm™* at different tempera-
stices are singly charged dondrhis process takes place in tUres- aT=297 K; b T=77 K.

the thermal annealing gftype PbTe in a neutral atmosphere

R, em®/c

FIG. 3. Hall coefficient versus temperature for epitaxial filmy g8, ,Te
with a hole densityp=7x 10" cm™~2. Graphsl-5 correspond to successive

(od

o8
0000000 0004

A o

|— Y ¢ 3 34
v v Vv Yoy vy
Vvy v

2
+ 444+t +AA+4-++-H>-} ++ :'}‘: AHS
A

= ....AX..ZQQ'

...... AA
]
A

1 i | ) l i

1
100 160 &60 340

increments of the laser power density.
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at T=400 °C, where conduction-type inversion is obtained
without the use of doping impurities or an excess of metallic-
component vapor’.

It has been shovfnthat the effect of laser irradiation
under the conditior: w<Ej is not associated with thermal
annealing, but is attributable to the multiphoton excitation of
interstitial atoms in the strong electromagnetic field of the
CO, laser in zones of lattice distortion by clusters of atoms
and their subsequent diffusion from such zones. The break-
down of microzones enriched with metallic components
causes the conduction type of the sample to change, and the
carrier mobility increases at the same tifieg. 2). On the
other hand, the dependence of the conduction type inversion
on the laser power suggests that the thermal effect and mul-
tiphoton excitation act in concert. At a certain power level
the temperature attains a value that together with multipho-
ton excitation leads to inversion of the conduction type.

In this case the inverted state is unstable and is accom-
panied by a relaxation process, which brings the sample back
to p-type conduction. The electron density decreases after
several days and then, after reinversion of the conduction
type, returns to approximately the initial value. The relax-
ation processes can be associated with the return of Te atoms
to the chalcogen sublattice from the interstices occupied as a

Grekov et al. 845



result of multiphoton excitation. In subsequent irradiations Conference on the Physicochemical Foundations of Ferroelectric and Re-
some of the Te atoms escape from the sample into the sur-lated Materials Technologhin Russiar), Zvenigorod(1993, p. 190.
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Nature of E.—0.37 eV centers and the formation of high-resistivity layers in n-type
silicon
O. V. Naumova, L. S. Smirnov, and V. F. Stas’

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russia
(Submitted December 20, 1996; accepted for publication February 4) 1997

Fiz. Tekh. Poluprovodr31, 993—997(August 1997

The DLTS and Van der Pauw methods are used to investigate the production-6£37 eV

centers responsible for the formation of high-resistivity layers-tgpe Si irradiated

with electrons and annealed in the temperature range 80—320 °C. An analysis of the experimental
data leads to a conclusion as to the composition ofehe 0.37 eV centerg[V-0O-C]) and

to the conclusion that their formation is stimulated by a flux of interstitial atoms away from the
interface into the interior of the semiconductor during annealing accompanied by the

reactions: 11+ C,—C;,G+[V-0O]—[V-0-C] (dominant reaction

2) 1+V,—»V,V+[C-0]—[V-0-C]. © 1997 American Institute of Physics.
[S1063-78267)02908-9

Defect-impurity reactions in the vicinity of the surface of the liberated vacancies are trapped[ByO] complexes al-
silicon have distinctive features governed by the characteriseady present in the interidryacancy-oxygen complexes
tics of the material, the mechanical and chemical operationthat are mobile near the surface interact with oxytfe®)
performed on it, and the thermal and radiation conditionsduring annealing, divacancies are formed near the surface,
under which it is treated. Investigations of these reactionsrom which they then diffuse into the volume and interact
have been reported in many papésse, e.g., Refs. 133As  with oxygen or with yet-unannealed A centéts.
an example, the formation of a high-resistivity surface layer  The involvement of oxygen in the complex-forming pro-
has been observed during anneals of electron-irradiated sileess has been corroborated by the fact thaEagn0.37 eV
con in the temperature range 180—300 (Ref. 2. It has  center is observed in silicon grown by the Czochralski pro-
been established that this phenomenon is observed only itess, but does not show up in “oxygen-freélith oxygen
oxygen-containinggrown by the Czochralski processili- concentratiolNo=10'° cm™3) silicon (note that the involve-
con and that centers with an energy letig-0.37 eV are  ment of oxygen is a necessary but not sufficient condition, as
responsible for the formation of the high-resistivity layer. It indeed the formation of high-resistivity layers is not ob-
has been observédhat the y-irradiation of silicon estab- served in certain samples with oxygen concentrations as high
lishes a correlation between the formationEf—0.37 eV as 168 cm 3%). To confirm whetheE,—0.37 eV complexes
centers and the annealing of vacancy-oxygen complékes are monovacancy or multivacancy types and whether their
center$. The surprising aspect of the high-resistivity layer composition contains carbon, experimental data are needed
phenomenon, apart from the low temperatures at which then: 1) the behavior of radiation defects containing vacancies
reactions take place, is the fact that it keeps resurfacing iduring annealing; Rthe dependence of the phenomenon on
peel-etching, provided only that the anneal temperatures arttie carbon concentratiof@n impurity highly prone to reac-
times do not exceed those required for the complete eradicaions with vacancies and oxygeand usually present in sili-
tion of A centers. Even though the phenomenon has beercon in large concentrationlc=5x 10°~10"" cm™3). The
studied in detail and has been known for some time, th@bjective of the present study, therefore, is to investigate
nature and mechanism of the formation of the high-experimentally in greater detail the behaviorkf—0.37 eV
resistivity layers in the low-temperatures@00 °Q treat- centers in comparison with other vacancy-containing com-
ments of irradiated silicon have yet to be established. plexes in silicon with a monitored carbon content.

According to electron spin resonan@SR and infrared _ The materials used for the investigation were of mark
spectroscopy data, the annealing of vacancy-oxygen conikEF-1, KEF-4.5, BKE-4.5 (“oxygen-free” silicon with
plexes in bulk silicon material is associated with the forma-No=10' cm™3). The raw KEF-1 and KEF-4.5 samples had
tion of [C—0-V,] (Ref. 5, [V-O,] (Refs. 6 and ¥, [V-O—  an oxygen concentratiddo=10'® cm™2 and carbon concen-
C] (Ref. 7, and V50 (Ref. 8 centers. This evidence has trations Nc<3X 10" and ~5x 10 cm™3, respectively.
prompted several authors to speculate that the defects r&ome of the KE-1 samples were subjected to carbon or
sponsible for the formation of the high-resistivity layers nearnitrogen ion implantationiion energyE=200 keV, doses
interfaces ardC—0-V,] (Ref. 9, [V-0O,] (Ref. 10, V,0, ®;=102cm ?, ®,=5x10"cm ?) and a 30-min anneal at
andV;0 (Ref. 11 complexes. The mechanism of the forma- a temperaturel ;=900 °C. All the samples were irradiated
tion of these complexes has been attributed to the followingvith electrons of energiz=3.5 MeV on a Mikrotron pulsed
scenario. Near the interfaces, under the influence of streseccelerator in the following regime: pulse repetition rate
fields, vacancy complexes anneal at lower temperatures than=100 Hz, single-pulse duratioh=3 us, irradiation tem-
in the interior volume of the semiconductor. As a resujt: 1 peratureT;,=300 K. After irradiation and annealssother-
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FIG. 1. Resistivity versus temperature in an isochronous anneal of siliconPerature incrementAT,=20 °C, anneal timet,=20 min. 1 —
1 — KEF-45 Ne~5x 101 cm 3, d,—1x 10 om 2 24 — KEF-1,  Ta=120 °C;2 — 160 °C;3 — 180 °C;4 — 200°C;5 — 220 °C;6 —

Nc<3X 10 cm 3, ®,=3% 10" cm 2. Carbon irradiation flux1, 4 — 240°C; 7 — 260°C; 8 — 280 OC?59 f2300 °C;10 — 320°C; a —
De=0;2 — Be=5x10%cm 2 3 — do=1x10% cm 2. Inset: Concen- U=0 Vi b —U=20 V. ®,=3x10" cm 2.
tration N of A centers(graph 1 andE_.—0.37 eV centersgraph 2 versus

anneal temperature at a distance 1.5 um from the interface of the™- ) ) -
andn-regions. under the given experimental conditign€onsequently, a

high-resistivity layer is formed in the presence of the typical

carbon concentration of a material growth by the Czochralski
mal or isochronous in the interval 80-320°C in stepsprocess {5x10%-10" cm™3).
AT,=20°) the resistivityp was measured by the Van der As a control measure, the oxygen-free samples were ir-
Pauw method, and the spatial distribution of the concentraradiated with nitrogen in the same flux range. The resistivity
tion of radiation defects along the depth of the structures wap did not increase. In addition, the following operations were
measured by deep-level transient spectrosd@iyTS; Ref.  performed on KIE-1 samples irradiated with carbon at
12); for the DLTS measurements Schottky barriers wered,=5x10' cm 2: 1) 30-min anneal at 400 °C to remove
formed by gold-film evaporation, op* —n structures were radiation defects; 2 etching in SR-4 with peeling of a
created beforehand by boron diffusion to a depth of 28  ~10um; 3) repeated irradiation with electrons at
®,=10% cm 2; 4) isochronous anneal. An increase @f
with increasing temperature was not observed, but the same
operations performed on the IKE4.5 material resulted in the
Figure 1 shows the results of isochronous annealing ofepeated formation of a high-resistivity layer. In our opinion,

EXPERIMENTAL RESULTS AND DISCUSSION

silicon with various carbon contents. this evidence indicates the participation of carbon in the for-
As should be expected, for KE4.5 withNc=5Xx10'®  mation of E.—0.37 eV centers.
cm 2 in the interval 180—220 °C the resistiviy was ob- A question arises as to the depth distribution of the con-

served to increase with the anneal temperatilne formation  centration of vacancy complexes ag0.37 eV centers in

of an high-resistivity layer did not occur in the case of thethe structures. Figure 2 shows DLTS data on the depth dis-

BKEF-4.5 materigl The DLTS measurements showgedg.  tribution of the concentration oE.—0.37 eV centers in

1) that the growth ofp in the investigated material does in p*—n structures. We infer from the nature of the distribution

fact correlate with the anneal of A centers and an increase iof centers in the initial stage of annealifat T,<220 °Q

the concentration oE.—0.37 eV centers. The variation of that their formation is a diffusion process.

the concentration oE;—0.37 eV centers corresponds to the An analysis of the profiles of the depth distribution of

variation of the concentration of A centers within the mea-the concentration oE;—0.37 eV centers in the structures

surement error limit§see also Refs. 2 and.4 after isothermal anneals &t <<220 °C shows that they con-
The phenomenon was not observed at all in the case dbrm to a Gaussian distribution function. It is therefore logi-

samples witiN-<3x 10" cm™3 (Fig. 1, curved). Only af-  cal to assume that the formation Bf—0.37 eV centers is

ter carbon ion implantation was the formation of a high-associated with diffusion of a certain component from the

resistivity layer observed on carbon-free samplasves2 interface into the volume of the semiconductor, where this

and3). We note that under the given irradiation and activa-component either enters directly into the composition of the

tion anneal conditions the concentration of implanted carbomenters or stimulates their formation in interaction with other

was ~4x 10 cm~2 and ~2x 10 cm™? at the respective defects.

fluxes ®; and ®, (Nc=®,;/d, where, according to Figure 3 shows graphs of the relative variation of the

secondary-ion mass spectrometi¥IMS) data, d~2.5um concentration of A centers, E centefgacancy-phosphor
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con are stable up to 300 °C, and divacancies are stable up to

| 250 °C(Ref. 14. This leaves no choice but to assume that A
14 centers and/, are both annealed at the given temperatures,
/8\ 0.8k interacting with defects or impurity atoms diffusing away
N from the surfacdtaking into account the nature of the propa-
N gation of E.—0.37 eV centers; see Fig),2but do not mi-
8 o4t grate as a unit before interacting with oxyg@rt! Also tak-
= ing into account the correlation between variations of the
a.zy concentrations of A centers ad—0.37 eV centers and the
0.0 ) fact that the concentrations of other vacancy complexes are
g 7 2 z J 4 5 much lower than the concentration of vacancy-oxygen com-
spm _ ;
plexes, we conclude that) the complexes responsible for
b the formation of high-resistivity layers are monovacancy
10k ot —a—a—20,80, 100 types; 2 an A center does not act as a fee_der of vacancies to
a new complex, but enters into it as a unit whole.
~ 08 / ;ﬁg Our experimental results, therefore, suggest, from our
é a5k 160 point of view, that the favored choice among the several
~ ) 4 160 possible complexes responsible for the formation of high-
8 O4f ' resistivity layers near the interface goes[¥6-O—C|] com-
= oz} 200 plexes. The formation of these complexes requires A centers
00 \ . /| . . and a flux of carbon atoms.
“a 1 2 3 A 5 The source of mobile carba@t T=300 K) in silicon is
Z, pm assumed to comprise the reactidansC,— C; during irradia-
tion, when native interstitial atomk are generated in the
C interior, or during annealing of complexes containing inter-
%‘ 10 At stitial atoms’ It is logical to assume, therefore, that anneal-
= 0.8 ing is accompanied by the diffusion of interstitial carbon
N 20 atoms from the interface into the interior of the semiconduc-
\3 0.6 80-760 180 tor with the following reactions taking place:
o |4+C—C;, C+[V-0]—[V-0—(]
s fom (dominant reactioy (1)
FIG. 3. Relative variations of the concentratibof various defects in the I+V,—V, V+[C-0]—-[V-0-(C. (2)

base of p*-n structures during an isochronous annedl. Aa centers, ] . )
N()=1.7x10" cm3; b) E centersN(«)=1.1x10"* cm™3; ¢) divacan- ~ Let us assume that the complexes of interstitial atoms intro-

Zi? \2/5 N(OO)ZI?_-3>;101‘; . cm’3-ThAnne|a| te?pergtufe _ig?fetmsm duced by irradiation dissociate near the interfaces during an-
=20°, ann imet,= min. v ° re indi ; ; ; ; ;
d)ei 10 ér:’z,?ldN(oo; denotes the ceon?eﬁﬁfat?onaéf ra;;ion di:tafeit‘s in nealing, anq that there is a dlfoSI(?n bfor of G by Vlr.tue
the interior volume prior to annealing. of the reaction + C,— C;) into the interior of the semicon-
ductor. It is easy to estimate whether the radiation-generated
interstitial silicon atoms are sufficient for the formation of
complexeg and divacancied/, along the depth of diode E.—0.37 eV centers through the reactitt).
structure after isochronous anneal. We see that the formation If the electron flux is®,=3x 10" cm™2, the rate of
of E.—0.37 eV centers does not influence the annealing oinjection of interstitial atoms is-4 cm™ 1, and the “survival
vacancy-phosphor complexes; their annealing begins ajuotient” (after annihilation with vacancig¢ss ~10%, the
120 °C, and the concentration distribution profiles scarcelytotal number of generateldis ~10*> cm™3. Hence, even if
change withT,. In addition to A centers, divacancias,  all interstitial complexes dissociate completely in a layer of
anneal more efficientlybeginning withT,=180 °Q in lay-  thickness 1lum, ~10'" interstitial atoms diffuse into the in-
ers adjacent to the boundary of thé& —n junction. The fol-  terior. We infer from the experimental data in Fig. 2 that the
lowing characteristics are worth noting) The V, concen- formation of E.—0.37 eV centers in a layer of thickness
tration gradient does not run from the surface into the~10um requires ~2.4x 10 interstitial atoms | at
interior as postulated in Ref. 11, but in the opposite directionT,=220 °C. By no means does every radiation-induced in-
so that the formation dE.—0.37 eV centers at depths in the terstitial atom enter into the reactigh); bearing this fact in
tens of micrometers cannot be attributed to the diffusion ofmind, we conclude that in addition interstitial atoms intro-
divacancies into the interior of the semiconductoy;tBe  duced by irradiation, there must be another sourddfaf the
annealing ofV—-0, V, complex is observed, beginning with formation of E;—0.37 eV centers by the reactidf). One
T~180 °C, not only in layers adjacent to the interface of thecannot rule out the possibility of silicon surface layers being
p- and n-regions, but also at depthe>1 um, where there enriched by interstitial atoms during anneals involving the
are no interface stress fields or electric fields. Under sucformation of SiGQ films. A well-known phenomenon is the
conditions(for the bulk materigl however, A centers in sili- injection of I and the formation of stacking faults in the
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high-temperature =900 °Q oxidation of silicon(see, e.g., nal voltage was applied to structures during an isochronous
Ref. 3. However, does this kind of phenomenon occur in theanneal(80—140 °Q in such a way as to take thE"—n junc-
investigated temperature range of 180—300 °C? There is tion into a reverse-biased state. The experiment shatied
need for experimental proofs and judicious experimental de2) that the application of an electric field lowers to 120 °C
sign. the anneal temperature of A centers and, accordingly, the

We now consider a model involving the active behaviortemperature at whick.—0.37 eV complexes are formed.
of carbon near an interface. We assume that the flux of car- If we assume that the concentration of mobilg rear
bon atoms is a consequence of their liberation from comthe interface obeys the laiNc~exd —(Eq+AU)/KT], where
plexes or from an interface decoration cloud. The followingEq is the energy of dissociation of carbon-containing com-
arguments support the migration of interstitial carbon intoplexes, andAU is the change in energy under the influence
the interior of the sample. of an electric fieldg, and if we compare thB(x,t) curves at

1. According to sample concentration. For T,=160 °C and 120 °QFig. 2), we obtainE4<0.072 eV
Ne=5Xx10%-2x107 cm 2 (when the formation of for a dissociating complex of maximum size-10 A and for
E.—0.37 eV centers is observed in the samplee carbon values of E at the maximum equal to X&0* V/cm and
content in a layer of thickness<1 um is <10 atoms. 7.7<10% V/cm in the cases of structures unbiased and
This estimate is approximately an order of magnitude highereverse-biased during annealing, respectively. This explains
than is required for the formation of the observed concentrawhy such small increments of the voltage fields0? eV)
tion E.—0.37 eV centers, although it must be borne in mindinfluence the behavior d&.—0.37 eV centers. However, the
that the formation of the latter can only involve mobile in- electric field can exert influence by a different mechanism,
terstitial G atoms. specifically by changing the charge state of defects in a way

2. According to the diffusion coefficierAn analysis of ~ similar to the action of electric fields in the annealing of E
the profiles of the concentration & —0.37 eV centers after centers® In this case a variation of the energy of activation
isothermal anneals has shown that the distribution of the corsf anneal of complexes in a field can amount to tenths of an
centration of centers along the depth of the structures eglectron-volt. In any case, however, the energy of activation
T.<220 °C corresponds to a Gaussian distribution functiorof the formation ofE.—0.37 eV centers according to isother-
with diffusion coefficientD~10"1! cnf/s. If we use the mal anneal dateék,=1.3 eV, includes: Lthe energy of dis-
standard approximation for the diffusion coefficient of inter- sociation of carbon-containing complexg; 2) the energy
stitial carbonD¢[cn?/s]=0.44 exp(—0.87kT[eV]) (Ref. ~ associated exclusively with;Gnigration energyEn,=0.87
15) in the rangeT =160—200 °C, we obtain a result close to €V (Ref. 13; 3) the energyE, of formation of the complex
the experimental valued ¢ ~10~ ' cn/s. Gi+[V-0l. _ .

3. Indirect evidenceThe legitimacy of recruiting Cto Not 'enough. experimental data are available at the
account for the formation of high-resistivity layers is sup- present time to give preference to any one of these processes.

ported by the dependence of the phenomenon on the type e first one requires experimental proof that the interface is
masking coating: The presence of an Si@m (coating de- enriched with interstitial atoms originating from something
posited prior to electron irradiatiprhas scarcely any effect other than radiation during an anneal in the temperature

on the behavior of the resistivity of the sample, whereas théangeTa=180—300 °C. The second calls for an answer to

deposition of an SN, film shifts the maximum to higher the question O.f which complgxeéor processesare the“
temperatures, but the increaseris comparatively smafl. source of mobile ca}rbon near interfaces. In all probability,
According to data in Ref. 16, interstitial carbon effectively b_0th processes are |nvol\{ed. W.e. mer_gly note that the m.echa—
interacts with nitrogen, forming GN, complexes, i.e., nism involving a flux of interstitial silicon atoms explains

SizN,4 (in contrast with SiQ) films are capable of deactivat- bof[h_ the forma_tlon OfE.C_O'37. ev cenFers and_ the more
ing part of the interstitial carbon. efficient annealing of divacancies near interfadéeig. 3.
Which complexes provide the source of mobile intersti-
tial carbon? The experimental reality, that a hIgh_r,e3|§t|V|tyCONCLUSIONS
layer forms repeatedly after etch-anneal operatfomsji-
cates that the culprits are centers formed at a temperature The reported experimental data lead to the conclusions
below 180 °C, and in the interior of the sample their anneathat: 1) one condition for the formation d.—0.37 eV cen-
temperature is not lower than that ¥O complexes, i.e., ters in electron-irradiated silicon is a carbon content
>300 °C. Are the interface stress and voltage levels greai.=5xX10'° cm 3; 2) the preferred choice among the sev-
enough to weaken the bonds between the components of tleeal kinds of complexes potentially responsible for the for-
complexes and to release interstitial atoms? Estimates shomation of E.—0.37 eV centers and, hence, the formation of
that the stresses and voltages provide an energy gain digh-resistivity layers near the interfaces of silicon structures
~10"3-10"2 eV. Consequently, if the dissociation of should belV—O—-C] complexes. The mechanism underlying
carbon-containing complexes is determined by the interfacéhe formation of[V—-0O-C|] complexes, in our opinion, is a
electric and stress fields, they must be complexes with a lownultistage process involving the diffusion of interstitial at-
binding energy. oms away from the interface together with the reactions
It has been showh that the uniaxial compression of Si 1) I+C—C;, G+[V-0]—[V-0-C] (dominant re-
during heating lowers the anneal temperature of A and Eaction);
centers. We have performed experiments in which an exter- 2) |+V,—V, V+[C-0]—[V-0-C.
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Formation of oxygen precipitates in silicon
I. V. Antonova, V. P. Popov, and S. S. Shaimeev
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630090 Novosibirsk, Russia
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Fiz. Tekh. Poluprovodr31, 998—-1002(August 1997

The initial stage of formation of oxygen precipitates in silicon is investigated by deep-level
transient spectroscopy, selective etching, and infrared spectrometry. It is established that the
formation of oxygen precipitates at,=600-960 °C is sustained by the emergence of

local zones enriched with interstitial oxygen. As the anneal time is increased, these zones decrease
in size, and the local oxygen concentration makes a transition to thefi&se. Hydrostatic

pressure applied in the nucleation stage leads to the formation of finer precipitates and
accelerates the transition to the Si@hase. ©1997 American Institute of Physics.
[S1063-78267)03008-1

The existence of a so-called precipitate delay time is gossibility of determining the parameters of local clusters of
well-known phenomendhnin the formation of oxygen pre- deep-level centers:!?
cipitates, i.e., the emergence of an oxygen precipitate as an The objective of the present study is to investigate the
inclusion of the SiQ phase in silicon is preceded by a nucle- initial stage of formation of oxygen precipitates and to elu-
ation stage. It is difficult to study the nucleation stage expericidate the physical mechanisms responsible for the process.
mentally, because methodological errors or inadequate sen-
sitivity (or both at oncke make virtually all the customary EXPERIMENTAL PROCEDURE

procedures for the investigation of oxygen precipitates inca-  The pasic material wastype silicon grown by the Czo-
pable of yielding information about this stage. At present,chraiski method with a density of charge carriers
therefore, only theoretical descriptions of the nucleation(7_15)>< 10 cm™3. The oxygen concentration in the mate-
stage exist for the most part, where both homogerfe8us rial was determined by infraretiR) spectroscopy and was
and heterogeneotlS mechanisms are discussed. Oxygenequal toNg=(6-17)x 10" cm™3. Oxygen precipitate nu-
precipitate nuclei are usually interpreted to be local clusterg|ej were formed during long-term heat treatments at 600—
of oxygen atoms which include the Si(phase and those 900 °C(see Table)l The tool used to influence the oxygen
which do not, depending on the model concefsise, e.g., precipitation processes was hydrostatic pressure, which had a
Ref. 1. The basic parameters used in theories describing thgyaximum value of 1.0 GPa. The heat-treated crystals were
nucleation of oxygen precipitates are the degree of supersatjradiated with electrons having an energy of 2.5 MeV at a
ration of the solid solution of oxygen in silicon, the critical flux of 8x 104 cm 2. The principal energy-active defects
nuclear radius . that must be attained for further growth of for the irradiated samples were A centgvscancy-oxygen
the precipitate, and the time required for nuclei to form.comp|exe§5 with the E.—0.18 eV level in the band gap.
These parameters differ strikingly from one another as obpLTS was used to investigate the uniformity of the distribu-
tained in different theories. For example, according to thejon of the introduced A centers. The measurements were
model in Ref. 8r,=1 nm, whereas data in Ref. 9 indicate performed at a frequency of 10 MHz. The parameters of the
that the minimum gauge of size is the volume of one SiO time window t; and t, were varied in the intervals
molecule. In previously published papers it is assumed that0.1-2.2)x 10 3 s and (0.11-2.2% 10 ? s, respectively, in
the oxygen atoms are uniformly distributed throughout thesuch a way as to maintain a constant rafitt,. The duration
solid solution and that local concentration fluctuations fit aof the filling pulse wag=2x10"* s. The dependence of the
normal distribution. The acquisition of experimental data forconcentration of A centers on the measurement temperature
the nucleation stage could provide a basis of preference fagas extracted from a series of DLTS curves recorded for
one theoretical development or another and shed light on thearious time windows.

process of nucleation of oxygen precipitates. It has been showfi 2that the profile of the concentra-

A technique has been propos@dor investigating the tion of A centersN, as a function of the temperatufiecan
nature of the distribution of oxygen atoms in the neighbor-be used to draw a conclusion as to the presence of local
hoods of oxygen precipitates; it stipulates the preliminaryclusters of A centers and, hence, interstitial oxygen in the
formation of electrically active complexes involving an in- crystal. The parameters of the oxygen clusters were calcu-
terstitial oxygen atonfA cente), whereupon electrical mea- lated from the plot ofN,(T) (Fig. 1), viz.: 1) the character-
surements can be made, in particular, by means of deep-levistic space scale of the clusteRs 2) the total oxygen con-
transient spectroscop¢DLTS). This approach affords the centration in a local cluster. Since the nature of the local
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TABLE I. Oxygen concentration in untreated silicon and crystal heat-

treatment regimes. a
w” |
Heat-treatment regimes:

No, 107 cm™3 temperature/time/pressure 17
6.5 600 °C/1h, 5h, 10 h, 19 h, 96 h /16GPa ~ K

650 °C/10h/10%, 102, 0.1, 0.6, 1.0 GPa v

600 °C/10h/104, 1.0 GPa 18

650 °C/96h/10* GPa ~
8 650 °C/96R-650 °C/5 h/104,1072,1.0 GPa =

960 °C/5h/10%, 102, 1.0 GPa 0% A/
13 720 °C/8h
15 720 °C/8h
17 720 °C/gh o™l . ' , .y

) 20 40 60 80 100
250 t,k
K :

clusters of interstitial oxygen is unknown in the sense of 200}
whether they are the result of decomposition of the initial
metastable oxygen agglomerates or of diffusion clustering a 70k
local lattice inhomogeneities, the choice of function is deter- o<
mined to within a numerical factor. As an initial approxima- e«
tion the distribution of oxygen atoms in a cluster was as- 100
sumed to be spherically symmetric and described by &
Gaussian functiofwith R as the parameter of the functipn 501
and the vacancy-oxygen interaction constant was assumed -
be the same both in the host crystal and in the cluster o 0 | | | | |
oxygen atoms. In addition, the dependence of the concentre g 20 40 60 80 100
tion of A centers on the duration of the filling pulse, whose t,h

amplitude was varied in the interval fromx8l0°° s to

1x10°3 s, was investigated experimentally. The concentraf!CG: 2. Total concentration of A centers in a clustér (a) and of the

tion of already-formed oxygen precipitates was determineci

haracteristic cluster radiusRd(b) in the crystal versus anneal tinteat
00 °C.

by the selective silicon-etching method. The initial concen-

tration of dissolved interstitial oxygen in the crystaN{)

was determined by IR spectrometry.

%5k
4
> 0F
B
3]
R
R
=
5 -
0 i L ] 1 1 -
110 140 130 140

FIG. 1. Concentration of A centers versus temperature at which the corre;
sponding DLTS is a peak for the untreated silidgnaphl) and for silicon
annealed at 600 °@raphs2-5). Anneal time:2 —t=1 h;3—5h;4 —

10 h;5— 19 h.

T, °C
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EXPERIMENTAL RESULTS

The investigations have shown that the amplitude of the
DLTS peak associated with an A center does not depend on
the temperature in the untreated material. It becomes
temperature-dependent after only a 1-h anneal at
T,=600 °C. Consequently, interstitial oxygen is uniformly
distributed in the untreated material, and local oxygen-
enriched zones form in the material after prolonged anneals
at T,=600 °C. Figure 2 shows the calculated values of the
total concentration of A centers in local clusteis;) (Fig.
2a) and the characteristic radigR) of those clustergFig.
2b) as functions of the duration of heat treatmenthe ratio
of N; to the measured concentration of A centBsin the
untreated material N,=1x10'* cm~3) characterizes the
factor by which the oxygen concentration in the cluster ex-
ceeds the average oxygen concentration in the host crystal.
Oxygen atoms involved in the composition of the Sithase
do not participate in the formation of A centers and therefore
disappear from the field of view of the given method of
investigation. The dependence of the concentration of A cen-
ters in local clusters on the anneal time exhibits a nonmono-
tonic behavior(Fig. 23: It increases in the initial interval,
then at anneal times greater thahia decrease in the con-
Centration in the clusters is observed, and after annealing for
96 h it essentially attains the average value throughout the
crystal. The concentration of newly formed local clusters,
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FIG. 3. Total concentration of A centers in a clustér versus oxygen mm —
contentNg in the crystal for two anneal regimes.— 600 °C, 10 h;2 — . 9t
720°C, 8 h. A 4
s 7
)
which is equal to the concentration of oxygen precipitates = Ir
observed af,=600 °C (~10* cm™?), is used to calculate bi-
R. The characteristic radius of oxygen precipitates at the ex-
perimental temperatutds used for the value oR at large i
anneal timest(= 96 h. Figure 3 showhl, as a function of the
initial oxygen concentratioNg in the crystal for various 2 ™ '_J '-z '_7 1
anneal regimes. The value ®f; increases as the oxygen 10 1 10 10 7
concentration is increased and decreases as the anneal tem- ' Py GPa

perature is increased.
Figure 4 illustrates the influence of the hydrostatic pres FIG. 4. Total concentration of A centers in a cluskgr(a) and d7enS|ty30f
P on the process of formation of oxygen agglomerates2 >6rvabie oxygen precipitaidio, (b) a: 1 — No=6.5x 107 om,
sure p ygen agg T, =650 °C,t=10 h;2 — No=8x 10" cm3, T,=960 °C,t=>5 h.
The variation ofN; as the pressure is increased during vari-

ous heat treatmen{&ig. 49 and the variation of the concen-

tration of already-formed oxygen precipitatéNo, at  sjzes decrease. The decreaseNinfor t>10 h is probably
T,=960 °C(Fig. 4b), determined by selective etching, indi- attriputable to the onset of formation of the Sifhase, since
cates that the influence of hydrostatic pressure is quitgnjs anneal time corresponds to the initiation time of oxygen
strong, beginning aP=10"2 GPa. According to selective precipitatesithe delay time is 1015 h at 600 }CThe re-
etching data, the etch pits decrease abruptly in size at pregyits imply that the SiQ phase appears when a certain criti-

suresP = 10 ? GPa. The precipitates formed at lower tem- ca| oxygen concentration is reached in the cluster region.
peratures in this case are not exposed by selective etching.

A 96-h anneal at 600 °C ultimately leads, on the whole,
to the formation of precipitates in the form of inclusions of
the SiQ phase surrounded by an oxygen-depleted Z&ig 70
1). The results of additional anneals of crystals containing
previously introduced precipitates at the same temperature
but different pressures are shown in Fig. 5. We see that the
application of a pressure-1.0 GPa increasé\;, i.e., the
application of pressure once again produces local oxygen-
enriched zones.

1%

Yid

Mt ’ cm'3

aT ||||!

%

DISCUSSION 1 1 l-1 1

One of the main experimental results obtained in the
study is the observation of local clusters of interstitial oxy-
gen atoms after_ several hours of annealmg_. Th_es_e cluste G. 5. Total concentration of A centers in a clustér versus applied
become mcreasmgly dense as the annea_l time IS INCreasafdrostatic pressure during an additional 5-h anneal, at the same tempera-
the quantity of oxygen captured by them increasing as theiture, of oxygen precipitates formed at 650 °C after 96 h.

P, 6P
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We need to call attention to the fact that the relative

concentration of oxygen in the clustéf,, evaluated at 8
t=10 h, like certain values o, for other anneal regimes =
and a different oxygen content in silicqRigs. 2 and 3 is sk
too high. This excess was not observed in an investigation of

the processes of decomposition of previously formed precipi- "?g B
tates by a similar metholf. The cause of the excessive val- v 4P
ues ofN, is more likely attributable to a discrepancy between R L
the true oxygen distribution in the cluster and the given mod- é:‘ 21
eling of the oxygen precipitate nucleus by a spherical object.

Judging from the data, the true oxygen distribution is char- B
acterized by the substantially greater relative contribution of g p 1'0 1'03 7;3

the surface in comparison with the volume. Moreover, after 1 T, ps
h at T,=600 °C, given the usual diffusion coefficient, an

OXyg?n atom I,S displaced bf 70 A when the average FIG. 6. Concentration of A centers in a crystal annealed at 600 °C for 10 h
aF0m|F3 spacing is-100 A. Even if we assume an accelerated graph1) and bombarded by electrons at a flux of 80 cm~2 (graph2)
diffusion of oxygen(usually acceleration by a factor of 2 or versus duration of the filling pulse.

3 is consideretf), the probability of a relatively large num-

ber of oxygen atoms clustering together in a local zone is . £ A ready atP~10-2 GPa indi h
low. These contradictions can be resolved by assuming thagation o centersalready atP~ a indicates that

the oxygen precipitate nucleus comprises a fairly Ioosel)presisturetstlmltJIaTteigggs:téontg):q%%lﬁggsg, and a i\ot_h
consolidated formation, for example, branched oxyge eat reaiment at,= atr= a s enough to

?erminate the transitioficlustering of oxygen atoms- SiO,

chains. The formation of such chains requires far greate h However. at the maximunm br. e of 1.0 GPa ther
displacements of the oxygen atoms. Fraundarél!* also phase. However, at the maximum pressure ot 1.U &ma there
a certain increase iN; with a simultaneous reduction in

g?est;l(ljalts;hgre;il;teEgiea;ﬁgowﬁcﬁf g 3?2?\?Iinsuuﬂgég?:@e density of observed etch pits. This effect can be identified
9 P 9 with the fact the dimensions of the newly formed oxygen

volume ratio. -
h_preupnates have become even smaller, so that some of them

Further indirect evidence in support of the stated hypot : .
. . . ; . e no longer observable by selective etching, and there has
esis is contained in data on the existence of a fine structure (z)afr

- . NN " possibly been a shift toward the stabilization of such clusters,
oxygen precipitateS, which, being “disk-shaped” on the | ; . o
i S . in which the necessary oxygen concentration for transition to
whole with a characteristic diameter2000 A (formation . X .
) . . . the SiGQ phase has not yet been attained. An analogous situ-
regime at 650 °C and 216 jconsists of very small spherical _,.” —. ; .
- : . ation is encountered in the annealing of already-formed oxy-
precipitates of diameter-20 A. But if the oxygen atoms

(and the A centers following thenfiorm various more or less gen precipitate¢Fig. 4).
complex chains, this process should be manifested in th
emergence of a logarithmic dependence of the fraction o
charged A centerhl, on the duration of the filling pulse in The results discussed in the article show that the forma-
DLTS measurements. In the case of a spherical cluster sudfon of oxygen precipitates passes through a stage of forma-
a dependence occurs only for clusters of very large diametdion of interstitial oxygen clusters, most likely with a
(>500 A for the material used hereMeasurements have branched-chain structure typical of large surface-to-volume
shown that such a dependenbg(7) is indeed observed ratio. Oxygen accumulates in these local regions with the
(Fig. 6). The value ofN, and the average distance betweenpassage of time. The Sj(hase most likely begins to form
neighboring A centers, have been estimatey analogy When a certain critical oxygen concentration is reached. Hy-
with Refs. 16 and 1)7from the data in Fig. 6 on the assump- drostatic pressure applied in the nucleation stage of oxygen
tion that the oxygen precipitate nuclei are in the form of anprecipitates also results in the formation of finer oxygen pre-
elementary chain of oxygen atoms . These quantities aréipitates.

equal to(respectively 5x 10 cm™2 and 12 A after a 5-h This work has received support from the Russian Fund
anneal and are equal to %30 cm 2 and 4 A after a 10-h for Fundamental Research, Grant No. 95-02-05082-a, and
anneal. The actual structure of the oxygen precipitate nucled§om the Polish Committee for Scientific Research, Grant
is more likely a certain configuration intermediate between dN0. 8T711B04809.

chain and a spherical object. Consequently, the reported nu-
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oxygen precipitates. “N. Inoue, K. Wada, and J. Osaka, J. Cryst. Grog4h 21 (1987).

It follows from the selective etching data that the appli- 5;3415-1905hf|eiﬂ, J. L. Lindstrom, and J. M. Corbett, Appl. Phys. L44}.
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Transient photoelectric effect in pure, high-resistivity, highly biased
metal-semiconductor and metal-insulator-semiconductor structures
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The relaxation dynamics of the electric field and the current during the illumination of high-
resistivity, slightly dopedessentially purg highly biased, symmetrical metal-semiconductor and
metal-insulator-semiconductor structures with monochromatic light in the fundamental band

is investigated. The system of transport equations is solved in the drift-diffusion approximation,
and the Poisson equation is solved. The emission and surface recombination of carriers are
taken into account at the semiconductor boundaries. It is shown that when illumination is turned
on (off), the field in the structure relaxes monotonically to a steady-state distribution. The

field and current rise times at the start of illumination are approximately equal to the drift time
for holesTy, calculated from the mean field.,=V/d and does not depend on the light

intensityl;, the absorption coefficient, or the interface tunneling transmissivitigs The current

and field decay times at the cessation of illumination increade iasincreased and a,
decreases, but are always of the same order of magnitudg, ash the presence of strong
absorption and at an intensity higher than the intensity scale characterizing the region of

weak field shielding, the time dependence of the total current is nonmonotonic. When surface
traps are filled, carriers begin to accumulate near the electrodes, causing the field to

undergo an abrupt change near the anode at sufficiently high intedgitied low transmissivities

Tnp- © 1997 American Institute of Physids$1063-7827)03208-0

1. INTRODUCTION drift monopolar model with simplified boundary conditions.
Several dozen papers have been published on this topic and
Metal-semiconductor-metalMSM) structures utilizing  are surveyed in Ref. 12.
high-resistivity, wide-gap, compensated crysi@sy., CdTe, The basic laws of the steady-state photoelectric effect in
Hagl,, and Q have a variety of applications. In particular, pure, high-resistivity crystals are embodied in three
they form the elemental basis of radiatighight, x-ray, principles?
y-ray) detector$ and light-controlled optoelectronic devices 1. The distribution of the field in the high-resistivity
designed for fiber-optic communication lines, informationstructure depends on the ratio between the illumination in-
processing systems, and systems for the recording of opticaéénsityl; and the characteristic scalg=(8/9)j, /e (where
image signald. The operation of these devices is based onj, =eu,V?/4wd? is the space-charge-limited current, ahd
the variation of the electric field distribution when the struc-js the width of the structuje
ture is illuminated. Theoretical and applied considerations 2. At low intensities|;<l, the values of the fields
have stimulated experimental work on the transient photoaround the electrodeS, and E4 differ very little from the
electric effect and relaxation processes in high-resistivitymean fieldE,=V/d. The boundary values of the field and
(semi-insulating CdTe crystals and have shown that thethe current depend linearly on the intensity, and the distribu-
light-stimulated variation of the field in a crystal can be at-tion E(x) is linear.
tributed to the space charge of free photogenerated catriers. 3. As the field at the illuminated surface increaseg,
Theoretical studies for pure cryst&il$ have refined the decreases and can become much weaker EqarThe field
quantitative laws of shielding against an external field. TheEy around the dark electrode increases. At average intensi-
way that this phenomenon is related to the free-carrier spadges|;=1, the fieldEy<E,, the fieldE4= (3/2)E,, the cur-
charge distinguishes it fundamentally from charge-exchangeent is close tg, , and the distributiorE(x) obeys a square-
processes between two systems of discrete lgpelgulated  root law.
donors and empty trapsThe latter processes have been in-  The major importance of the speed and response time of
vestigated in connection with the application of sillenite devices mandates the timeliness of studying relaxation pro-
(Bi1,Si0,¢ and Bi,GeOy) crystals as an electrooptical me- cesses in pure, high-resistivity structures. Numerical simula-
dium for writing holograms and information in space-time tion must be used, because experiments are limited in both
light modulator§ and in connection with the experimental spatial and temporal resolution with respect to electric fields.
observation of an alternating oscillating space-charge distriThe identification and investigation of the basic “pure”
bution in these crystafSThe results of theoretical studies of structure model stems from the need to separate phenomena
electric field relaxation in a crystal containing deep-level im-inherent in high-resistivity crystals from the influence of
purities and subjected to stress and illumination in impurity-deep impurity levels. The presence of the latter, even in
band light are given in Refs. 9—12. This work is based on aninute quantities, exerts a significant influence on the dy-
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namics and characteristics of the photoelectric effect in high- ap
resistivity structures. dp=—Dp T HoEP. 5

By far most of the papers published to date on the tran-
sient characteristics of photodiodes have either been confinekhe rate of production of electrons and holes by external
to special cases amenable to analytical solution or haveadiation is
squed_ special problems_, usually with the aid of major sim-  g= al exp(— ax) (6)
plifications. One of the first studies to be concerned with the
smearing of a step pulse of electrons in a crystal containing!i iS the intensity of the light entering the sample, ands
trap<® embraced all the basic features of the drift monopolathe light absorption coefficient We consider the general
model subsequently used for the analysis in Refs. 9—11. |fase of a high-resistivity, compensated semiconductor con-
later studies, for example, in the paper of Ref. 14 allowancdaining, in addition to shallow donors and acceptors, a single
has been made for volume diffusion, surface recombinatiofmpurity level that obeys Shockley—Read statistics. Recom-
and charge trapped by surface levels. In particular, the influbination processes of the band-to-band type are ignored, and
ence of the intensity of the incident radiation, the opticalthe expressions for the heat generation rate-recombination
thickness of the layer, and volume recombination on the field®» and Ry, are written with allowance for the trapping of
distribution has been analyzed for the dimensionless systeffrtiers by the deep impurity level and their emission into
of transport equations, which contains twelve parameterghe corresponding band of the semiconduéfor:

Photoelectric processes in a silicon diode at a high excitation R — 4 N [n(1—f)—n,f], 7
level have been investigat®don the basis of a complete
formulation of the drift-diffusion approximation. The closest ~ Rp,=apN{pf—pi(1-1)]. (8)

to the present study is the work of Iverson and Srifitvho Here ay, y= (0 pUn p) @re the velocity-averaged capture co-

have investigated field and current relaxation in a structurssicients at the impurity levely, , anda,, , are the thermal
containing impurity levels when the incident light is turned g |qcities of electrons and holes and their impurity capture
on and off. However, Fhe|r_ investigation deals W|th the casg.ggs sectionsandf=n~/N, is the filling factor of the deep
of weak light absorption in the crystal and Ohm'C'CO”taCtimpurity level, which is equal to the ratio of the negative
boundary conditions, which correspond to an infinite recom'charge density~ to the density of impurity levelsl,. The
bination rat_e. , . ) . Qquantitiesn; and p;, which depend on the energy of the
The objective of the present study is to give a deta"eqmpurity level s,=E,—E,, are given by the expressions
description of field and current relaxation in pure, high'n1=Ncexp(—st/kT) andp, =N, exq —(E,—s)/KT]. It is evi-
. .. . U :
res!stlwty crystals and to analyzg the mflue_nce of the 9oVyent from Eqgs(1)—(3) and the definitiong$7) and(8) that the
erning parameters on the dynamics of transient processes.geep impurity levels determine the recombination rate and
the bound charge. The degree of filling of the impurity in
2. STATEMENT OF THE PROBLEM equilibrium is determined from the conditid®,=0 and is

. . . . o equal tof,, =p1(p1+ps)-
2.1. We consider a highly biased, high-resistivity metal- In the transienttime-dependeftcase the variation of

insulator-semiconductdMIS) structure G=x=<d, which has  yhe ound charge density is proportional to the difference
an equilibrium hole densitp, in its interior and is illumi-  povveen the fluxeR. andR..:
nated by monochromatic light of wavelength in the funda- " P

mental absorption regiom@>E,) through a semitranspar- N a—f—R "R.=N for—f 9)
ent anodex=0. A voltageV much higher than the contact tgt " Pt
potential between the semiconductor and the metal is applied
- . .. Where
to the structure. For a structure containing deep impurity
levels, in general, the distributions of the densities of elec- apn+appy
trons n(x) and holesp(x) and the electric fieldE(x) are fse= an(n+ny)+ap(p+p;y)’
described by a system comprising the equations of continuity )
and the Poisson equation T =ap(N+ny)+ay(p+py). (10)
an  aqp The emission of carriers and their recombination through a
gt T ox o7 Rn, () single surface level are taken into account at the
semiconductor-metal interface by an approach similar to that
ap  ddp in Ref. 18:
xR @ )
gn(0)= _VnO(nO_ngq)_qsn(o)u (11
JE 4me
= =P, —n+n, —N(f—f,)]. ©) Ap(0)=—Vgo(Po—P5Y) — dsp(0), (12
&
—\yT _ n€eq
In the drift-diffusion approximation the carrier fluxgg and An(d)=Vnd(Na=Ng") + dsn(d), (13
qp have the standard form 0p(d)=Vp4(Pa— P +dsp(d). (14)
D an En @ Here n®% and p®9 are the equilibrium densities of electrons
Gn ngx M=t and holes at the interface¥, =V, ,T,, are the rates of
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carrier exchange across the interface, which are proportional

to the thermionic emission rates into the metal 400 %

Vip=(1/4)v, , and the interface tunneling transmissivities

(tunneling probabilities T, ,. The latter take into account

the decrease in the carrier exchange rates across the interface Joo

due to the presence of the insulating layers and depend ex-

ponentially on a function combining the thickness of the in-

sulating layer, the height of the tunneling barrier, the voltage QU 200

drop across the layer, and other quantitiem lieu of reli-

able information on these quantities, the dependence of

Tn,p On the film characteristics is not specified in detail, and 100}

the tunneling transmissivity is used as an input parameter.
The recombination fluxes on the surface are proportional

to the surface recombination rates at the interface oL

Snp~ <an,pNs>:

Qsn=Sn[N(1—fs) —nysfs], (15

FIG. 1. Distribution of the hole density?(=p/p,. , X=x/d) in the structure
Asp=Spl Pfs—P1s(1—f9)1, (16) for 1;=2x10" cm 2.5, =10* cm . Elapsed time after light is turned
on: 1) t=0.12 us; 2) 0.3 us; 3) 0.61 us; 4) 1.22 us; 5) 1.82 us; 6) 3.04
éus; 7) 3.65us; 8) 9.12 us.

0 0.25 050 075 1
X

where the variation of the degree of filling of the impurity
levels on the surface is proportional to the difference in th
recombination fluxes:

Nsis:%n— Gsp- 17y Vvolts, p, = 10° em™®, s,=5,=1C° cm/s, T,=T,=1. The
ot intensity does not depend on the time and has the value
The external voltage source imposes the following conditiorli=2%X 10" cm™?-s™%. The light absorption coefficient is
on the field distribution in the semiconductor: a=10% cm %,
. The initial conditions include the steady-state distribu-
f E(x)dx=V. (18) tion functions fom, p, andE in the dark case, obtained in the
0 numerical solution of the systerfi)—(3) for d/9t=0 and

Because the insulating film is not thick, and because of th&i—0- Att=0 the distributions oh, p, andE in the interior

surface charge density, the potential drop on the insulatoﬁf the bstruc(;ure are :!WOSt l];InIfOI’lm. Near th% erl]elctrodeshwe

and the surface-charge field are disregarded in(E8). hav_ed oundary cf:;)n 't'do.ns or e.ectkr)on?rﬁaET _olesr,] where
2.2. The basic equations are written on a nonequilibriumt ' densities sufter a discontinuity, but fop=T,=1 they

numerical grid with tighter bunching of the mesh at the end-do not differ much, either at the boundaries or in the interior,

I A o .
points of the interval in the region of high gradients. An fLom the elqwllbrlum values®™ andp®? at the boundaries of
implicit time approximation of first-order accuracy is used.t e crystal. e : .
Finite-difference expressions of second-order accuracy for. The qualitative pattern of the ph(_)toe_lectr_lc effect is de-
the carrier fluxes are written using relations proposed b)P'Cted as foIIovys. When the |IIL_Jm|nat|on IS _turned_ on,
Scharfetter and Gummé!.The nonlinear three-point system electron-hole pairs are generated |£14a zone having a width of
of difference equations is linearized and solved by a vec:to?eve_ral absarption Iengjchsf,v@glo _C”_‘<d)- The expo-
forward/backward (Gaussian-type elimination schemé: nential decay of the radiation mter_lsny into the depth of the
The nonlinearity of the problem is handled by Newton’s sample and t.h.e transport of carriers across the.surface at
method. The solution obtained on the preceding time layer ighermal velocities instantly produces nonmonotonic, peaked

used as the initial approximation. The computational errotdIStr(;buﬁlo?ﬁ O.f t_?eldfnsnmﬁ atndp arom:pd the |IIumt|rr]1atedf
and choice of time step are monitored from the invariance o hode. In the initial stage photogeneration causes the surtace

the total current through the structure and the closeness | d t?a;;lrﬂjum ce;rrier Shen;'t'lis kt|?1 'nﬁre"’t‘fenw't: dt';n?' T(;‘r’iaft
the numerical value of the total current calculated from the- o ' e'd Separates them, maxing electrons a o'es
oward the electrodes of opposite sign. Figure 1 shows pro-

difference equations to its value obtained by integrating th%iles of P(X)=p/p, , X=x/d, from which it is apparent
- * 1 - [}

equation how the leading edge of the hole density distribution moves
j=e(dp—an) +el4mIE/ it toward the cathode, so that a positive space-charge density
wave propagates into the depth of the sample. The pattern of
propagation is shown at times comparable with the hole drift
time in a static fieldty,=d/(upEe), which is equal to 3.92
us for the adopted values of the parameters. It is also evident
3.1. We first investigate the relaxation dynamics of thefrom the figure that once the leading edge of the density
field and the current when the illumination of the structuredistribution arrives at the surface, a diffusion boundary
on a CdTe base is turned on and off. We adopt the followingsheath is formed around the cathode, and the distribution
set of parameters for our basic model=0.28, V=400 p(x) in the anode zone of the structure becomes weakly

with respect to the width of the structure.

3. RESULTS FOR PURE STRUCTURES
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FIG. 3. Time dependence of the boundary values of the electric E@Id

FIG. 2. Electric field distributionE=E/Ee, E.=V/d) in the structure for  (solid curve$ andEd (dashed curvesor a=10* cm™ 2. lllumination inten-
I,=2%X10%cm 2.5, =10 cm . Elapsed time after light is turned on: sity: 1) 1;=1X10' cm 2.57%; 2) 2x 10" cm 2.s°%; 3) 5X 10 cm™?
1) t=0.18 us; 2) 0.61 us; 3) 1.22 us; 4) 2.43 us;5) 9.12 us. .s 1 4) 10X 10 cm 2-s71; 5) 100X 10'° cm2.s7 2.

from below. In the second case the total current passes

time-dependent. Because of the thinness of the E|eCtr0qﬁr0ugh the steady-state Va|ue, approaching it from above. A
sheaths, the hole distributions in them have the appearanggnk in the j(t) curve is noticeable at early times. The cur-
of abrupt steps. rent relaxation time is practically the same in both cases,

The time variation of the field distribution is shown in gjnce it is determined by the time at which a steady-state
Flg 2. It is evident that the distortion of the field distribution field distribution is attained throughout the entire structure
is associated with the arrival of the space-charge densitynd is therefore close to the dark-field drift time of holes.
wave and that the restructuring of the field in the cathode |n the interpretation of the behavior ¢ft) it must be
zone occurs later than processes in the vicinity of the anodeygrne in mind that at times much shorter thap the total
Since the potential difference on the structure is pOSitive an@urrent main|y Comprises the disp|acement current, and the
the space-charge density in the sample interior is positivegynamics of its growth is governed by the variation of the
the field decreases monotonically around the anode and iffeld at the illuminated surface. The slowing of the growth of
creases monotonically around the cathode. The curvature @he total current at small times, manifested as a kink of the
the field distribution is negative. The relaxation of the field isj(t) curve, and the approximate equidistance of all the
essentially terminated when the leading edge of the hole defeyrves are attributable to the completion of formation of the
sity distribution arrives at the surface. The field relaxationgmall-field region in the anode part of the structure and a
time is somewhat shorter than the relaxation time of the hole
density distribution.

The time lag between processes in the anode and cath-
ode zones of the structure is evident in Fig. 3, which shows

the time variations of the boundary field&=E,/E, and

Eq=E4/E, for various radiation intensities. It is obvious
from the figure that as the radiation intensity increases:

« the steady-state boundary values of the field around the
anode are attained far more quickly;

« the time at which the steady state is attained decreases

for the fieldE, and is essentially constant for the fiefi,
whose time dependence becomes nonmonotonic;

 the steady-state value of the field around the anode
decreases and, at sufficiently high intensities, becomes nega-
tive (inversion of the field).

The radiation intensity also significantly influences the
behavior of the total current as a function of time. It is evi-
dent from Fig. 4 that the rate of increasejaind the quali-

tative characteristics of the functiomSt) differ for “low” FIG. 4. Time dependence of the total currgmthen light is turned oitsolid
_ 5 _o 1 ety _ 5 _9 curves and off (dashed curves a=10* cm™ 1. lllumination intensity:1)

(II_<15_><101 tm =S ) find high” (1;>5x10" cm [;=1x10"® cm 2.s7%; 2) 2x10"®° em™2.s7%; 3) 5x10% cm™2.s7%; 4)

-S ) IntenSItIeS In the fII’St case the tOta| Current InCI’eaSG§0X 1015 Cm*Z.Sfl; 5) 100x 1015 cm’z.s’ll Curve 6 Corresponds to

almost linearly with time, approaching the steady-state valug, ,=10* atl;=10" cm 2.s ™%,
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reduction in the relative contribution of the displacement
current to the total current. We note that for intensities
I;>1, the steady-state value of the total current is close to
the valuej, , which is equal to 37QuA/cm? in the given
situation. Jooa

The prominences of thgt) curve near the steady-state
value are associated with the sensitivity of the distribution
E(x) to the radiation intensity in high-resistivity structures a 2000
and the substantial reduction of the field in and around the ‘
carrier-generating zone wheénis much higher than the scale
|, characterizing the upper boundary of the linear redion. 7000

In the given situation we havi, =2x 10 cm 2.5 1,
In the linear casé;<I, the field in the structure does not
change very much, and the hole drift velocity in the photo-
generation region does not depend on the time. As a result,
the hole density in the interior increases monotonically with
time (Fig. 1), as does the total current. In the nonlinear caseriG. 5. Distribution of the hole densityP= p/p, , X=x/d) in the structure
owing to the reduction of the field near the anode and itdor I;=10"cm 2.5, «=10 cm *. Elapsed time after light is turned on:
increase in the cathode zone, the incoming hole flux becomed=0-345:2) 0.61us;3) 1.22u5;4) 1.82 5 5) 2.43 5, 6) 42515 7)
smaller than the outgoing flux, while the hole density deep6'08“5'
within the structure attains a maximum and begins to drop
slightly. This behavior causeS, and the total current do
decrease very slightly.

We note that before the leading edge of the hole densit

g ——
a 0.25 0).(50 875 1

shifts toward the cathode, tending to its steady-state position.
At intensities|;>1, , which correspond to an appreciable
eduction in the field near the anode, the maximum of the
rHole density initially shifts toward the cathode but then, be-

Jp comprises a suzaple fraction O.f the total current. The cong, oo of diffusion, moves toward the anode, the distribution
duction current varies substantially through the structure

) AR . . ) P(x) acquiring a sharper profilg=ig. 5). As the intensity
where the differenc¢—|p is negative near the illuminated increases, the diffusion effects intensify, and electrons pen-

anodg and is positive around the cathode. For this reason, t'é‘?rate the interior on account of the attenuation of the field.
guasisteady-state approach based on the postulated |dent| the vicinity of the anode, after a time of the ordertgfa

of the total current and the drift component of the hole Con'negative space-charge region is formed, along with a

?oufﬁgltcelgéen;;éng'O; before the field distribution relaxesquasineutral_ layer, whose width is_much greater than thgt of
y stal dr+ . . the generation zone. The relaxation dynamics of the field
. Upon cessau_on _Of photogene_ratlcﬁdashed CUTVES 1N gistribution in the casé&>1, is shown in Fig. 6. In contrast

Fig. 4) the electric field pulls carriers from the crystal. A | iih the case of strong absorptidfig. 2), the distribution

hole-density wave of diminishing amplitude propagates fromg ) hermeates the entire structure all at once, and the rates
the anode to the cathode, and a positive space charge ema-

nates from the structure. The field in the anode zone becomes

more uniform and increases in strength. The field around the

cathode decreases. The total current decays monotonically 2.50F

toward its thermal value. It is significant that, since the initial

field distribution is nonuniform and since its degree of

shielding depends strongly on the intensity, the characteristic 2.00

time for the dark field to become established and for the

current to decay is longer than the relaxation time after the

removal of illumination and depends on the intensity. The 1.50

asymmetry of the current—time curves at the activation and gy

cessation of illumination is clearly evident in Fig. 4. 1.001
3.2. The transient process exhibits a somewhat different )

pattern when the absorption coefficianis not too high, so

that «d<<10. In this case carriers are generated over a much 0.50

broader range. Figure 5 shows tRéX) profiles at various

times forl; =10 cm 2.5 anda=10 cm !. We see that

the hole density in the interior of the structure increases as a ”-0”0

result of volume photogeneration rather than drift flux as in

the casexd>1 (Fig. 1). A diffusion layer is formed around

Fhe Cat_hOde Immedl?tely after the start Of_ illumination. At FIG. 6. Electric field distributionE=E/E,, E,=V/d) in the structure for

intensitiesl; <1, , which correspond to a slight decrease in| =101 cm2.s71, «=10 cn . Elapsed time after light is turned of)

the field, the maximum of the hole density increases and=0; 2) 0.61us; 3) 1.22 us; 4) 2.43 us; 5) 6.08 us.
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sivity is lower than 102 (the carrier exchange rate has a
valueV] ~10* cm/s and is much lower than the electron drift
velocities in the interior accumulation effects become sig-
nificant, and the near-anode field begins to increase. Hole
accumulation also takes place near the cathode, but the posi-
tive charge density is not as great, and the fejddoes not
increase. When illumination is turned ¢curve4 in Fig. 7),

the surface field decreases at first as electrons move away,
but then it begins to increase as a result of the leakage of
positive charge from the system. Since carrier accumulation
effects influence the field in a narrow layer of thickness
le=kT/eE,, this behavior does not affect the propagation of
the hole-density wave in the interior or the relaxation time of

L

b
-

2 % 5 4 10 the current to its steady-state value. Thg(t) and j(t)
0 curves associated with the start of illumination scarcely dif-
t’f"s fer from the caser, ,=1. Upon cessation of illumination

(curve 6 in Fig. 4), the relaxation time of the dark current
FIG. 7. Time dependence of the boundary values of the electric figld increases somewhat but has the same order of magnitude as
(curvesl—4) andE4 (curves5 and6) when illumination is turned oxsolid the hole drift time.

curves1-3 and 6) and off (dashed curved and5), I;=10"% cm2.571,
=10 cni *. Interface tunneling transmissivities) T, ,=10"% 2) 10°%;
3-5) 1074 6) 1-10°4. 4. CONCLUSIONS AND DISCUSSION OF THE RESULTS

The results of simulation of the transient photoelectric
effect in a pure, highly biased, high-resistivity crystal illumi-
of change of the field boundary valu&s, and E,4 are ap- nated from the anode side by monochromatic light indicate
proximately identical. The total current increases monotonithe following general laws of the transient processes.
cally to its steady-state value even with strong shielding of < When the illumination is turned ofoff), the field var-
the field around the illuminated anode. ies monotonically at all points of the structure, relaxing to
The onset of the field minimum, which shifts slightly the steady-state distribution.
toward the cathode with passing time, and the presence of < The field and current relaxation times at the start of
the strong shielding region deep in the interior are typical ofillumination are approximately equal to the drift time for
the given case of moderate optical thicknesses and is ndioles, calculated from the mean field, and do not depend on
related to the presence of the space charge of the deep-leuék illumination intensity, the absorption coefficient, or the
impurity. It is interesting that th&(x) curves shown in Fig. tunneling transmissivity of the interface.
6 are qualitatively similar to the experimentally measured ¢ During the hole drift time the displacement current
field distributions in Bj,GeOy, crystals forad=9 (Ref. 22. comprises a sizable fraction of the total current and differs
3.3. Real metal-semiconductor structures have a thin insharply from the conduction current.
sulating layer at the interface, and its presence significantly ¢ The particular features of the time dependence of the
reduces the emission flux of carriers across the interfacaptal current are determined by the ratio between the illumi-
making surface recombination the primary mechanism connation intensity and the characteristic sdglecorresponding
trolling the number of electrons in the vicinity of the anode.to the upper end of the range of weak shielding of the field
It is evident from relation§11) and(15) that the recombina- around the illuminated anode. For>1, in the case of
tion flux gs, on the surface is proportional to the recombina-strong absorptiongd>1, theEd(t) andj(t) curves are non-
tion rate(surface-level capture coefficigreind the number of  monotonic, and the total current tends to its steady-state
unfilled traps. The fluxs, decreases as the traps fill up, andvalue from above. In the case of volume photogeneration,
when the rate of emission of electrons across the interfacgd=1, the total current increases monotonically to its
falls below their drift velocity, a layer of enhanced negative steady-state value independently of the intensity.
charge density of electrons forms near the anode « When the illumination is turned off, the current de-
A drop in the transmissivity below a certain limit, which creases monotonically to its steady-state value, and the relax-
depends on the illumination intensity and the surface recomation time increases somewhat as the intensity and the tun-
bination rate, makes the charge density so high that the fieldeling transmissivity of the interface increase.
around the anode acquires a discontinuity commensurate -« |n the presence of a reduced interface tunneling trans-
with the magnitude of the field itself. Consequently, in themissivity and almost complete initial filling of the traps, car-
case of MISIM structures having a reduced tunneling transrier accumulation sets in near the electrodes, imparting a
missivity near the electrodes it is possible to encounter newdiscontinuity to the field around the anode at sufficiently
phenomena associated with carrier accumulation. Figure figh illumination intensities and low transmissivities
shows the time dependence®f andE, for a=10* cm™* (T, ,<10 ®atl;=10* cm 2.s7%).
and various interface tunneling transmissivities. It is evident  Let us compare the theoretical results obtained on the
from the figure that when the interface tunneling transmis-basis of the model of the photoelectric effect for a pure,
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Single crystals of Ggln, sS; are prepared by chemical transport reaction, and the current-

voltage characteristics and temperature dependence of the electrical conductivity are investigated.
It is shown that the current transmission mechanism in an kd8asS;-In structure is

associated with monopolar injection. €997 American Institute of Physics.
[S1063-78267)03308-3

The crystal structures of layered materials based on solitlas been showfithat the following relations hold for struc-
solutions of the typdGa, In,S; are of considerable interest tures fabricated with different interelectrode spacings (
in the physics of semiconductots® The investigation of # L,) by the same technology in the trapping case:
phase formation in the system Ga—In—S has resulted in the 5
synthesis and x-ray structural analysis of a number of single- w = (ﬂ)
crystal phases of general compositioBa, In,S; (Refs. Ui(L2) L
4}—8). The cpnfiguration of f[r_le majority of the phases inves-and in the detrapping case:
tigated in this system classifies them as layered structures. Of
special interest in this series of structures are mixed-layer Ug(L;) L,

(interstratified structures synthesized from electroneutral m: L,
stacks having dissimilar internal structures and compositions.

The first representative of semiconductors with a mixed- ~ The second case prevails in our investigated structure
layer structure is Gg4n, oS, (Ref. 8 consisting of two- and is shown in Fig. 1. According to the resulting data, we
level and three-level stacks in the ratio 1:1. A second exfan conclude that the interval of the sharp current rise in our
ample of a semiconductor with a mixed-layer structure isStructure is associated with the emptying of filled traps by
Gaen, S (Ref. 9 consisting of analogous two-level and the electric field. In this case the depth and density of the
three-level stacks, but in the ratio 1:2. traps are determined from the temperature dependence of the

The Ga 4ln, sS; single crystals were prepared by chemi- captu_re ratiod(T). According to Refs. 9_ and 10, the capture
cal transport reaction. The orange-colored, as-grown, lamii@tio is related to the depth and density of the traps by the
nated crystals had perfect cohesion in {B81) plane. The €guation
improved crystallographic parameters had the values
a=3.814(2) A, c=100.04(3) A, U=1260.4(1) A, space
group R3m, Z=11, and R=0.069. The stacks of the 2
Ga) 5N, S5 crystal were joined through tetrahedral and oc- 0°F 110
tahedral interstack sites randomly occupied by Ga and In
metal ions.

Here we give the results of an investigation of the
current-voltage€l—-V) characteristics and the temperature de-
pendence of the electrical conductivity(T) in these single
crystals. ~

The single crystals had-type conductivity with a 5
resistivity of 5x10'°Q-cm and a 237-eV band gap at }
T=293 K. A

The following intervals are distinguished on thé/ ™~
characteristic of an In—Galn; s55;—In structure at various
temperatures: a linear interval{U), a quadratic interval
(1~U?), and an interval in which the current rises abruptly 0 110
(I~U", n=3-7). A sharp rise of the current in semiconduc-
tors is attributed to the filling and emptying of traj’dn the
first case the relations~U® and U~L? hold between the \
current, the voltage, and the interelectrode spating both 10" 103
cases the capture rattb=n,/n;<<1, wheren, is the density L, pm
of free carriers, and, is the density of trapped carriers in-
jected from the electrode. When detrapping is induced by theig_ 1. current density (from the quadratic interval of the-V character-
electric field, the relations~U® andU~L are observed. It istic and voltageU versus interelectrode spacitg

w0k —70

u,v
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from the temperature dependence of the conductiwity)
-5 (Fig. 2b. At the voltage corresponding to Ohm's ldeurve
1) and in the nonlinear intervalcurve 2) the o(T) curve
exhibits two straight lines with activation energies of 0.45
eV and 0.55 eV.

In summary, on the basis of an analysis of the current-
voltage characteristics at various temperatures and electric
fields we have shown that the current transmission mecha-
nism in an In-Ggsln, sS;—In structure is attributable to mo-
nopolar injection.

IM. I. zartarova and R. S. Gamidov, Izv. Akad. Nauk SSSR Neorg. Mater.
5, 369(1969.
2V. P. Ambros, I. Ya. Andronchik, V. P. Mushingkiand N. M. Pavlenko,
L L L L Aspects of the Chemistry and Physics of Semiconductors of Complex Com-
3.0 5'5 ‘:70 45 3 3 4 § position[in Russiar}, Uzhgorod(1970.
10 /7', K 10/7', K_1 3V. P. Ambros and V. P. Mushinskilzv. Akad. Nauk SSSR Neorg. Mater.
8, 1310(1972.
FIG. 2. Capture rati@ (a) and electrical conductivity (b) versus tempera- - R. Amiraslanov, G. G. Guseov, Kh. S. Mamedov, and A. S. Kuliev,
ture. 1) Electric fieldE=10° V/ecm: 2) E=10* Vicm. Kristallografiya33, 767 (1988 [Sov. Phys. Crystallogi33, 452(1988].
5T. Kh. Azizov, G. G. Gusmmov, G. M. Niftiev, and I. R. Amiraslanov,
Dokl. Akad. Nauk Az. SSRL2, 25(1985.
61. R. Amiraslanov, T. Kh. Azizov, G. G. Gussov, A. S. Kuliev, and
Nc Ei—Ec G. M. Niftiev, Izv. Akad. Nauk SSSR Neorg. Matez4, 723 (1988.
- kKT ’I. R. Amiraslanov, G. G. Gusrov, A. S. Kuliev, and Kh. S. Mamedov, in
Collected Abstracts of the Tenth European Crystallographic Megting
Here N, is the effective density of states in the conduction Warsaw(1988, p. 456.

; : ; I. R. Amiraslanov, F. Yu. Asadov, A. A. Musaev, and G. G. Guse,
band, an@ is the Spin degeneracy faCta‘q{: 2)' Figure 2.a Kristallografiya34, 1012(1989 [Sov. Phys. Crystallog34, 611(1989].
shows the temperature dependence of the cgpture ra’F'O aS9@ R, Amiraslanov, F. Yu. Asadov, A. A. Musaev, and A. S. Kuliev, in
graph of log—10%/T. The depth of the traps is determined Proceedings of the First All-Union Conference on the Crystal Chemistry
from the slope of the lineék,=0.45 eV}, and the trap density ?Iggl;fganliggand Coordination Compoundén Russiaf}, Viadivostok
IS determme_d from InterszectIOPBOf the line Wlt_h the R}@(IS 10M. A. Lampert and P. MarkCurrent Injection in SolidsAcademic Press,
at 16/T=0: NtZZX]:Ol cm ", In calculating the_ trap _ New York (1970 [Russian trans., Mir, Mosco@973].
parameters, the effective density of states, the carrier mobilYu. S. Ryabinkin, Fiz. Tverd. Teld.eningrad 6, 2989(1964) [Sov. Phys.
ity, and the dielectric constant are assumed to have thggo','\? SBtaéee,stzz(llgF?r?]m 1755196
values 16° eviem 3, w=20 cnf/(V-s), and £=8, +N. Bude, J. Appl. Phys33, 1733(1960.

respectivelyt!'?2 The trap depthE, can also be determined Translated by James S. Wood
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Conversion of red and infrared luminescence centers as a result of electron
bombardment and annealing of CdS and CdS:Cu single crystals

G. E. Davidyuk, N. S. Bogdanyuk, A. P. Shavarova, and A. A. Fedonyuk

L. Ukrainki Volynski State University, 263009 Lutsk, Ukraine
(Submitted June 3, 1996; accepted for publication September 10) 1996
Fiz. Tekh. Poluprovodr31, 1013-1016August 1997

The luminescence centers and their conversion as a result of electron bombardment and
annealing in CdS single crystals which were not specially doped and which were doped with
copper have been investigated. The Cu atoms, which interact mainly with defects in the
cadmium sublattice, form Gy, which are responsible for luminescence at wavelengths
Am=0.98-1.00 um. At annealing temperatures above 50 °C, conversion of the defect complexes,
which are responsible for the green,(=0.514 um), red \,,=0.72um), and infrared

(A,=0.98 um) luminescence, occurs as a result of an increase in the mobility of point defects

in the cadmium and sulfur sublattices of CdS:Cu. 1897 American Institute of Physics.
[S1063-78267)00107-3

Silver- and copper-doped II-VI compounds are compo-ate of introduction of free cadmium vacanci&&), which
nents of many commercial crystal phosphors. Most luminesare responsible for thek,=1.03um band and the
cence centers in these materials are due to defect-impurity =0.72.um band associated with the complex
complexes, whose nature has not been completely detey_ —vZ >7#we did not observe an appreciable increase in
mined. Promising methods for determining the formationthe optical quenching of photoconductivitQP as a result
mechanisms and nature of optically active centers in binargf the small change in the density of “slow” recombination
compounds are radiation physics methods, which make genters, for whichv4 are also responsible.
possble to vary the density of the intrinsic defects in the  radiation of CdS:Cu single crystals leads to completely
experimental objects at comparatively low temperatures. Ijjifferent resultgFig. 1, curvesl—3). As the irradiation dose
the present work, we investigated luminescence centers ar?Hcreases, the intensity of the luminescence band with
their conversion as a result of electron bombardment a”ﬂm=0.98 um increasesFig. 1, curvel); the increase is
annealing in cadmium sulfide single crystals which were no'&iccompanied by an increase in the OQR the regions
specially doped and which were doped with copper. Thes%.QS—l and 1.4-1.am) and in the resistance of the irradi-
single crystals, according to many parameters, are regard%qed sampldby almost five orders of magnitude after irra-
as model compounds in the group of ll-VI wide-gap chal- .o with a dosed~2x 107 cm 2?). This confirms our
cogenide semiconductors. To avoid uncontrollable impuritie%ssumption in Ref. 9 that as a result of irradiation, the inter-

from appreciably affecting the defect-formation Processes i~ mobile copper atoméCu), which are donors, interact

under irradiation, we employed samples with a compara- . S . _
tively high doping levelcopper densitiedlg,~10' cm~?) with the radiation-implante®¥ 4, during which the acceptor

and high irradiation dosesb(>10'" cm™2), so that the den- Cugy centers(copper occupying cation sites in the CdS lat-
. o tice), which are responsible for the luminescence band with
sity of copper and radiation defects exceeded the backgrours\ ~0.08 4 00OP ; d. Thi hani fth
uncontrollable-impurity density. To simplify the analysis of "™ =~ '““mfag QP, are horm; y 'Z r?ec a.msrrr]] 0 de
the interaction of the copper atoms with the radiation defects',m,eractlon of Cu atoms with radiation defects in the cad-

the experimental samples were bombarded by electrons witf!um sublatt_ice explains_ the high rate of introductiqn of
energyE=1 MeV, when, as is well knowh, the dominant Cucq centers in CdS:Cu single crystals as compared with the

primary radiation defects are the simple point defects —PUre samples, where freééc, rapidly annihilate with inter-
Frenkel' pairs, formed approximately in equal densities inStitial cadmium atomsCd). It should be noted that in the
both sublattices in Cd3.During irradiation, the samples luminescence excitation spectrum of an electron-irradiated
were cooled by liquid-nitrogen vapor and their temperaturé~dS:Cu sampled=2:x 10" cm‘z)'the intensity of the im-
did not rise above 10—15 °C. The synthesis conditions of th@urity band at 0.49gm (T=77 K) is two times higher than
experimental material and the irradiation technique are dethat of the 0.68 to 0.7@sm band observed before irradiation.
scribed in Refs. 3-5. This attests to the formation of complexes of shallow donors
The dose dependences of the intensiiesvhich are  (@pparently Cg with Cucg centers, i.e., donor-acceptor pairs
known for the red and infrared luminescence bands of cadresponsible for thev,,=0.98 um luminescence band. The

mium sulfide single crystals, are shown in Fig. 1. formation of such complexes in photochemical reactions in
Electron bombardment of undoped, high-resistaflee =~ CdS:Cu single crystals was observed in Ref. 10.
sistivity p=10°—10" Q.cm) CdS single crystals, grown The conversion of the red-luminescence centers as a re-

from specially purified powder, exhibit bands of almost con-sult of electron bombardment of Cu-doped CdS single crys-
stant intensity with maxima at the wavelengthg=1.03 tals(Fig. 1, curve® and3) is described in Ref. 5 and agrees
um (curveb) and\,=0.72 um (curve4), indicating a low  well with the above-examined mechanism of the interaction
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transitions or Auger processes, which decrease the quantum
yield and the photosensitivity of strongly irradiated samples.
Concentration quenching of luminescence in many crystal
phosphors has been widely reported in the literattire.

As has been shown in many studiese, for example,
Ref. 13, V4 andVgin CdS are immobile at room tempera-
ture, although during irradiation they can possess an appre-
ciable mobility as a result of the strong excitation of the
lattice. This apparently explains the formation of Q¥g
complexes, which are responsible for luminescence with
Am=0.72 um® (Fig. 1, curve2), in CdS:Cu as a result of
electron bombardment.

The rate of introduction of green-luminescence
. 1 L (A\m=0.514 um) centers, for which interstitial sulfur atoms

10" 107 10" (S) are responsible, is virtually identical in the undoped and
-2 !
2, cm doped sample$.Comparing the results of isochronous an-
FIG. 1. Relative intensitiel 1, of the luminescence bands of CdS:(+3) nealing of these centers in CdS:Ckigs. 2 and Bwith the
and CdS(4, 5) versus the dose of irradiation with electrons with energy results of annealing in undoped crystafg. 2 in Ref. 4
E=12MeV.\p, um:1—0.98,2,4—0.72,3—0.808,5—1.03.1,1,  shows that these processes follow the same scheme. These
;S;)néggjg;;s of the luminescence of irradiated and unirradiated samplesr,acts apparently can all be explained if it is assumed that the
Cu atoms mainly interact with intrinsic defects in the cad-
mium sublattice of CdS single crystals. Annealing of red and
of Cu atoms with the intrinsic lattice defects in these com-nfrared luminescence centers in undoped samples is differ-
pounds. ent from that in doped samples. Isochronous annealing of

The decrease in the intensity of all luminescence bandiradiated undoped crystals to a temperaflife-150 °C has
and the photosensitivity of the irradiated sample at high elecirtually no effect on the intensities of the,=1.03um and
tron doses is apparently due to several factors. Nonradiativém =0.72um luminescencéFig. 3, curves and6). A simi-
“fast” recombination centers, along with radiative recombi- lar annealing of the irradiated CdS:Cu crystals results in a
nation centers, are introduced as a result of electron borrfubstantial change in the intensities of the intrared
bardment. As they accumulate, a substantial fraction of théAy=0.98 um) and red §,=0.72 um) luminescence
recombination flux of nonequilibrium carriers is redistributed bands(Figs. 2 and 3 Up to temperature$,=80—100 °C,
to them?® Examples of such centers are interstitial-atom prethe intensity of the green-luminescence band increases, and
cipitates, the formation of which at high electron-irradiation this increase is accompanied by a synchronous increase in
intensities was observed directly with an electronthe intensity of the\,=0.72.um band and a decrease in the
microscope! Moreover, as the density of the radiation de- intensity of the ,=0.98.um band(Fig. 2, curvesl-4 and
fects increases, the screening action of some defects by thég. 3, curvesl-3).
fields of other defects increases, which directly results in a  The increase in the intensity of the green-luminescence
change in the carrier trapping cross sections of recombinadand can be explained by a decay of the associdtednd
tion centers and possibly increases the role of nonradiativErenkel’ pairs in the sulfur sublattice, which are formed, to-

2.0F

I/1, , @rb. units

§ FIG. 2. Luminescence spectra of CdS:Cu single crysfals:
£0 — Not bombarded by electron®,— bombarded by elec-
5. trons withE=1.2 MeV and®=2x 10" cm™2, and3-5 —

o after irradiation and annealing at temperatufgs- 60 (3),

g 100 (4), and 150(5) °C. The irradiated samples were an-
,,:' nealed at each temperature fe=10 min. The measure-

<

ments were performed at the temperatlire77 K.

L '}

1.0 0.9 048 0.7 0.6 0.5
A, pm
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L tion also decrease@-ig. 2, curves2—-4, and Fig. 3, curves
1-3).

At temperatures above 100 °C, the intensity of the green
luminescencéFigs. 2 and Bapparently decreases as a result
of an increase in the mobility of; &nd the migration of So
different sinks, which could b¥g, and accumulation of de-
fects, dislocations, and apparently GU$ centers. The “an-
nihilation” of sulfur atoms with vacancies at centers of red
luminescence GiVs +S — Cuggq results in a decrease in
the intensity of thex ,,=0.72.um radiation and an increase
in the intensity ofA ,,=0.98.um luminescencéFig. 2, curve
5, and Fig. 3, curved-3).

In summary, as a result of electron bombardment of
, CdS:Cu single crystals, the Cu atoms mainly interact with
0 50 100 150 defects in the cadmium sublattice, forming Gucenters

Te 5 °C which are responsible for the,,=0.98—-100 um lumines-

cence. At temperatures above 50 °C, conversion of the de-

FIG. 3.‘Intensitied of the luminescence bands of CdS:Qu+4) and CdS  fect complexes, which are responsible for the green
(5,_(‘;) single crystals bombarded by electrors<(1.2 MeV, <I>=2><:L_017 A;=0514 um), red (\,=0.72 pm), and infrared
cm™ ©) versus the temperature of isochronous annealing. The duration of th .
annealing isr=10 min. The measurements were performed at temperaturf)‘m: 0'98'““m) luminescence bands, occurs as a result of an
T=77 K.\, wm: 1 — 0.51,2 — 0.98,3, 5— 0.72,4 — 0.605,6 — increase in the mobility of point defects in the cadmium and
1.03. sulfur sublattices in CdS:Cu.

I, @rb. units

1 - . . .
gether with separated pairs, as a result of electron bombar V. V. Emtsev and T. V. Mashovettmpurities and Point Defects in Semi

ment of CdS and CdS:Cu single crystals. As a result of thez‘;‘?”S,“‘Sﬁi{gfﬁsgi_ Fﬁi‘f,';’g', i%z(’lg“’é%sfmw‘ 1981

mutual screening of the fields &fs+ and $-, the bound  *G. E. Davidyuk, N. S. Bogdanyuk, and A. P. Shavarova, Fiz. Tekh. Po-
Frenkel’ pairs apparently do not appear in the radiation, and4"illpfso"gg”§§rv] 2§k56((319:4’D[aSV‘?;“iSE”gr‘:g“XQg’ gﬁgﬂ%ﬁlﬁz -
they most likely function as “fast” nonradiative recombina- |ubrdvodg'29’y201’(1§95 [Semi)(/:on’ductorég, 99 (1995]. T ‘
tion centers, as is indicated by the increase in the photoserén. s. Bodanyuk, G. E. Davidyuk, and A. P. Shavarova, Fiz. Tekh. Polu-
sitivity as a result of annealing of the irradiated samples. Our provodn.29, 357 (1999 [Semiconductorg9, 181 (1995)].

results are confirmed by investigations of the luminescence 8- A Kulp, Phys. Rev125 1865(1965. , )

of CdS single crystals doped with the rare-earth ions*Yb IL'JkBr'. ,E?z]?ozl?]\./fg’%'Slkg%fevsmya’ G. S. Pekar, and M. K. Stkenan,
and Tn? .23 The appearance of new lines and the change in#J. E. Ralph, Ph’ys. Status Solidi 38, 611(1979.

the relative intensities of the lines, known for CdS, at °A. P. Galushka, G. E. Davidyuk, V. T. Mak, V. I. Kuts, and N. S.
T,=47-107 °C, can be attributed to the migration of de- Sggg%”yl‘jlki;'fé?ge]kh' Poluprovods, 2174 (1979 [Sov. Phys. Semi-
fects, which arise when sulfur atoms are displaced, and t®g s gstapenko, M. K. Stiéman, and Yu. N. Emirov, Fiz. Tekh. Polu-
their binding with a rare-earth ion. provodn.15, 1747(1981) [Sov. Phys. Semicond5, 1013(1981)].

At T,>40 °C, free $and Vs appear in the sulfur sub- *'T. Yoshiie, H. Jwanaga, N. Shibata, M. Ichihara, K. Suzuki, and S. Takek-
lattice as a result of the decomposition of bound Frenkel’ E';'n d'g‘an;éf%d‘ 4§;fe°ts' Semicond (Proc. 11th Int. Cofristol—
pairs. Interacting with one another according to the reactionza m. Gurvich, introduction to the Physical Chemistry of Crystal Phos-
Cucgt Vs — CuggVs , Vs and Cuyygy form centers which are  phors|in Russiar, Vyssh. Shk., Moscow, 1982.
responsible for tham=0.727um luminescence band, whose 13G. D. Watkins, inPoint Defects in Solid§Russian trans., Mir, Moscow,
intensity increases with annealing up to 100 °C. As the 1979, p. 221.

Cucq density decreases, the intensity\gf=0.98 um radia-  Translated by M. E. Alferieff
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Acceptors in Cd ;_,Mn,Te (x<0.1)
A. . Vlasenko, V. N. Babentsov, Z. K. Vlasenko, and S. V. Svechnikov

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine

I. M. Rarenko, Z. |. Zakharuk, E. S. Nikonyuk, and V. L. Shlyakhovyt

Chernovtsy State University, Chernovtsy, Ukraine
(Submitted August 7, 1996; accepted for publication October 25,)1996
Fiz. Tekh. Poluprovodr31, 1017-1020August 1997

Acceptor defects, which control conductivity and recombination in GlIn,Te (0<=x=<0.1),

have been observed experimentally and investigated by electric and luminescence

methods. The energy levels of the defects and the composition dependence of the energy levels
have been determined. The physicochemical nature of these defects is discussEd7 ©

American Institute of Physic§S1063-7827)00607-§

Semimagnetic semiconductor materials CdMn, Te are  vertical arrangement of the container. Upon doping CdTe
of interest for a number of reasons. A number of their pawith superstoichiometric Mn and preparing dilute solid solu-
rameters, primarily parameters such as the band gap, indeyons Cd _,Mn,Te (0=<x=<0.02), we introduced the Mn into
of refraction, absorption coefficient, and others, depend otthe initial charges in the form of a Cd-based dopants, taking
the manganese concentration and can be changed by a magto account the required quantity of Cd in the final charge
netic field>? The possibility of obtaining large-diameter, (this increased the concentration of the embedded. Mn
highly perfect, degradation-resistant plates makes these ma- The measurements of the Hall const&t and the con-
terials promising for optical devices for controlling high- ductivity o were performed by the standard methods on
power laser radiation in phototransducers and other elemenggjuare-shaped samples in the temperature range 77—-300 K.
of integrated opto- and microelectronics, for applications adhe PL spectra were measured on fresh-cleavage faces of the
substrates for epitaxial growth of variable band gapsample with excitation by a 15-mW He—Ne las&r<632.8
Cd,_,Mn,Te layerss for preparing quantum structures nm) atT=77 K; a FEJ-62 photomultiplier was used as a
which effectively localize charge carrietsnd for other ap- radiation detector. The structural perfection of the crystals
plications. This makes it important to investigate the energyvas monitored by Berg—Barret and Lang x-ray topographic
structure of intrinsic and extrinsic defects in this material andmethods and the microanalysis of the composition was per-
their interaction and evolution. formed with a REM-101 M electron microscope—

It is well known that in single crystals with the compo- microanalyzer.
sition x<<0.4 the band gaf,<2 eV and the photolumines-
cence(PO) spectrum of the crystals is qualitatively similar to
the PL spectrum op-type CdTe, the difference being that
the PL bands in it are strongly broadened due to the compo- \We obtainedn-CdTe with electron densityn<10™
sition fluctuations and the presence of structural defet®s. cm=3 with Mn density Ny, in the melt up to 18 cm 3,

In crystals with 0.4x<0.7 the band in the photon energy |ncreasing\y,, above~10'° cm™ 2 changed the conductivity
range~2 eV, which is associated with the intracenter theof the material top-type with hole densityp~10'® cm™3
transitions in MA* ions, dominates the Pt.. (Fig. 1).

There is virtually no published information on the effect A similar change in the conductivity type—p can be
of manganese on the conductivity in CdTe and on the energybtained by annealing undopeeCdTe in an evacuated cell
position of acceptor levels in Gd,Mn,Te. by rediffusion of Cd from the volume and formation of cad-

In this article we report the results of an experimentalmjum vacancies, which are filled with group-l atoms that
study of the the effect of Mn impurity on the conductivity of form singly charged acceptors at the cadmium Sitesthe
CdTe and determine the energy levels and nature of the agase of doping with manganese from the melt, no additional
ceptor states in Gd ,Mn,Te (x<0.1). cadmium vacancies are formed and the change in conductiv-
ity type n—p can occur as a result of the diffusion of
group-l atoms, present at interstices, from the volume of the
crystal and their migration into the doping solution or to

Bulk CdTe:Mn single crystals, just as the solid solutionssinks and a decrease in the density of residual donors as a
Cd,_,Mn,Te (0.0kx=<0.1), were grown by a modified result of this circumstance.

Bridgman method in rotating tiltetWith respect to the hori- Although, according to the data of Ref. 8, the mecha-
zontal plang cells, where the crystallization front moved nism of single embedding of atoms prevails in CdTe:Mn
relative to the melt. This made possible mixing of the meltwith manganese impurity densily,<5x 10" cm™3, it has

and equalization of its composition and temperature over thaeot been ruled out that for densitid,,>10'° cm™3 Mn-
entire volume during rotation; this cannot be done with aenriched regions or manganese microprecipitates, which can

EXPERIMENTAL RESULTS AND DISCUSSION

SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE
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FIG. 1. Carrier density in CdTe:Mn versus the manganese deNsgjtyin 145 1.95 1.65 176
the melt (T~300 K). hv,ev

FIG. 3. PL spectra at 77 K of CdTe:M{1) and Cd_,Mn,Te (2-5) single
. crystals with different compositions %:2 — 2,3 — 6,4 — 8,5 — 10.
play the role of getters or sinks for the uncontrollable back-

ground donor impurity located at interstices, are formed.
Then, as the-CdTe:Mn is cooled to room temperature, the cipitations of a second phase, and for other realdige
donor density in the volume decreases and overcompensatiovere not able to observe such regions by means of x-ray
of CdTe:Mn into p-type material occurs, similarly to the microanalysis; in principle, this does not rule out finely dis-
manner in which this was observed in Ref. 5 during storaggersed Mn precipitateénith average precipitate sizes1
of n-CdTe obtained by annealing in Cd vapor. It should beum, wich are not observable by local probing with an elec-
noted that in Ref. 6, in the investigation of sublimation of tron beam~2—-3 um in diametey.
crystals during annealing, Mn-enrichexi= 0.5) precipitates It has not been ruled out that complex acceptor-type as-
were observed on the boundaries of structural defects in Cdsociates, including Mn atoms, uncontrollable impurity, and
MnTe solid solutions X~0.2). Evidence supporting this hy- intrinsic point defects are formed during doping of crystals in
pothesis could be data on the temperature dependences of titee density rang®ly,,> 10" cm™2 and with decreasing scat-
Hall mobility uy in CdTe:Mn crystals after annealing in tering between separate Mn atoms. It has also not been ruled
melt with different Ny, density (Fig. 2. For Ny,>10®  out that the change in the type of conductivity is due to the
cm 2 these data fall on the curves which are displaced alincreasing compensating action of uncontrollable impurities
most parallel to one another, which could indicate the formapresent in the initial Mn with increasing Mn content in the
tion of local nonuniformities in the crystdlin CdTe:Mn  doping solution. At the same time, other processes can also
crystals, just as in CdHgTe, such nonuniformities can ariselominate.
as a result of the formation of overcompensated regions, pre- Three emission bands are observed in the PL spectrum at
77 K of most Cd_,Mn,Te samples witlk<0.02 (Fig. 3.
The high-energy ban¢FE) is due to radiative decay of ex-

4‘0%. citons. The change in the position of this band, to within the
binding energy of the exciton~10 meV in CdTe, charac-
terizes the increase in the band gap in, CdMn,Te with
increasingx relative to the band gap in CdTe. The best
agreement between the experimental data and calculations is

I obtained with Ey4(x) approximated by the expression
NE 3.5k Ey=1.58(1+0.9%) eV. The longer wavelength bamf, is
‘3; due, just as in undopegaitype CdTe, to radiative recombina-
2. tion of an electron from the conduction band with a hole
2 trapped in a shallow acceptor levAl. For 0<x<0.1 the
- accuracy with which the depth of the levg}, in the band
1 gap is determined is limited by the accuracy with which the
3o 2 position of the emission and absorption bands of a free ex-

3 citon is determined, which, because of broadening of the
bands in the solid solution, is 5—6 méV! The value ofE;
for x<0.05 found from the PL spectrum depends on the

! 1 1 L L i 1
719 30 24 22 23 24 25

log T, K composition [approximation gives the expression
. EA1~0.032(1+8x) eV] and saturates —E,;~50 meV for
FIG. 2. Temperature dependences of the Hall mobility for CdTe:Mn x>0.05
crystals with Mn density in the meltl — Ny, =10 cm3, I o ]
Noaoo k=4 X 104 cm™3; 2 — Ny, =108 cm 3, ngage = 1.8% 104 cm3; The emission band,, which is attributable to the tran-
3 — Nyp =5X10% cm ™3, ngae0=7.2¥ 104 cm 3. sition of an electron from the conduction band to an acceptor
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group-l atoms in the cadmium sublatti®u-y4, Agcy and
Mn atoms that lie next to one another.

In the case of the acceptdr,, whose energ¥ ., in the
range 0<x<0.1 varies quite strongly %60 me\), it is
known that in CdTe it corresponds to a donor-acceptor
complex®® In Cd;_,Mn,Te the quantityE,y, just asEg,
increases withx (E,4 increases as a result of a change in the
energy of the conduction band bottanTherefore, in the
solid solutionE,, can increase withx if the acceptor in-
cludes a defect of the cation sublattice and a nearby shallow
donor defect, whose energy level is determined by the states
of the conduction band.

In conclusion, it should also be noted that the investiga-

3
=

log R, ,cm’/¢

S Ry W N ™ ©
T

I i (I T
3 1; g 3 ; 8 ; 0 1 12 tion of Cd,_,Mn,Te crystals (0.0%x=<0.1) by the Berg—

071,k Barret and Lang x-ray topographic methods has shown that
the structural and mechanical characteristics of such crystals
are much better than those of pure CdTe crystals.

FIG. 4. Temperature dependences of the Hall coefficient qf @dn, Te
single crystals with different compositions%: 1 — 10,2 — 6, 3 — 4,
4 — 2 (samples in whose PL spectra three bands are observed 10,
6 — 2 (PL in these samples is very weak

CONCLUSIONS

with the thermal ionization enerdy,,, was clearly observed A change in the conductivity type— p in CdTe:Mn on

only in CdTe:Mn and Cg ,Mn,Te (x<0.02) samples. The doping from a solution with dopant densitiéé,,~ 10
position of its maximum differs fromEy by the energy cm=3 was observed. In Gd, Mn,Te (x<0.1) the composi-
Ea2~120+5 meV, which is virtually identical to the value tion dependence of the band gap was determined, the ener-
Ea2 determined from the temperature dependence of the Haljies of the levels of the acceptor defects were determined,
coefficientRy(T) —Eap,~0.125 eVwith x~0.02 (Fig. 4.  approximate expressions for their composition dependences

The dependencEn,(x) in this region of compositiong is  \vere presented, and the physicochemical nature of these de-
approximated by the expressi@i),~0.125(1+5x) eV. fects was discussed.
A PL spectrum containing only a very wed&g& band
with intensity an order of magnitude lower than in the typical
PL spectrum was observed in some;CeMn, Te samples.
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Energy spectrum of n-type Pb;_,Sn,Te (x=0.22) bombarded by neutrons
E. P. Skipetrov, A. N. Nekrasova, and A. V. Ryazanov

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
(Submitted April 24, 1996; accepted for publication January 22, 1997
Fiz. Tekh. Poluprovodr31, 1021-1023 August 1997

The effect of hydrostatic pressur®£12 kbay on the electrical properties of

n-type Ph_,SnTe (x=0.22) bombarded by electron$ 4300 K, E=6 MeV, ®=7.7x 10"

cm ?) has been investigated. The restructuring of the energy spectrum of electron-

irradiated alloys under pressure has been investigated. The parameters of a model of the energy
spectrum of charge carriers in electron-irradiatetype Ph_,Sn Te (x=0.22) have been

determined on the basis of the experimental data obtainedl9€r American Institute of Physics.
[S1063-78287)03307-3

It is now known that bombardment of PhSnTe  saturates aP>6 kbar. The character of the temperature and
(x~0.2) alloys by electrons leads to the appearance of &ield dependences of the Hall coefficient remains unchanged
donor-type resonance level in the conduction band and a under pressuré.
band of acceptor-type resonance stdétgslocated near the The results obtained indicate that the free-hole density
valence-band top:® External pressure changes the relativeincreases under pressure. Figure 2 shows the pressure depen-
arrangement of the edges of the allowed bands and the r@ence of the hole density, calculated according to the value
diation levels, inducing in this manner a change in theof the Hall coefficient in weak magnetic fields Bt4.2 K.
charge-carrier density in the allowed bands because of thehe most rapid changes of the hole density are observed at
redistribution of electrons between bands and localizeggy pressures, and fd?>6 kbar the functiorp(P) nearly
states. This method made it possible to obtain the most religgtyrates. Such changes in the hole density under pressure
able information about the parameters of deep radiation levaaye been observed before in investigations of electron-
els in p-type Ph_,SnTe (x=0.2) alloys?® At the same  jradiatedp-Pby_,SnTe (x=0.2) samplek® and are attrib-
time, electron-irradiated-type alloys and alloys with a dif-  teq to a redistribution of the electrons between the valence
ferent tin content under pressure have still not been investip;nq and the resonance band of radiation defegiEig. 3.
gated, and the parameters of the energy spectrum of radiatiofhe characteristic form of the pressure dependence of the
defects in these materials are still not known. hole density(rapid increase and saturatiomakes it possible

In the present work we investigated the effect of hyOIrO'to determine the main parameters of the model of the energy

.Stat(';.: p:jesT,lure Fc))n thSe T?Iectrl_cglzgropirtwlessoooL el.eﬁtronépectrum by comparing the experimental and computed
irradiated alloyn-Phy_,SnTe (x=0.22) atT~ wit functionsp(P) for an electron-irradiated alloy.

— 7
electron energ)E =6 MeV and electron fluxb<8.4x 10" These calculations were based on the width of the reso-

72 .
cm *. The sample method pf preparing the samples for thenance bandr=4 meV and the generation rate of acceptor-
measurements and the main parameters of the samples are - - ) S
. ype radiation defectsIN,/d®=1.7 cm *, characteristic
presented in Ref. 4. In each sample, before and after bomo-f the previously investigated alloyp-Pb;_ SnTe
bardment, the temperature dependences of the resistivity and b y 9 Ym0k

_ 1-3 ; ; )
the Hall coefficient (4.2 T<300 K,B=<0.04T), as well as X (x=0.2)." " It was assumed that just as in the electron

the Shubnikov—de Haas effect and the field dependences g]radlated alloys Pp.XSn(Te (the results of thellnvest|ga-
the Hall coefficient T=4.2 K, B<6 T, B || (100)) were tions are presented in Refs. 5 angd the change in the free

investigated. For measurements under hydrostatic pressuf@arge carrier density and composition of the alloy should
(P<12 kbar) a S22 sample fp=1.5x10% cm 3 not greatly influence the values of these parameters. On the

®=7.7x10" cm~2) with tin contentx=0.22 was chosen. other hand, the change in the tin content in the alloy can
In this samplen—p conversion was observed under irradia- @PPreciably influence the position of the acceptor bapd
tion and at the maximum irradiation fluxes the Fermi levelrelative to the valence band top. For this reason, the main
was found to lie in the valence band. purpose of this calculation was to determine the energy po-
It was determined that under pressure the resistivity ofition of the resonance bartd, . Finally, the value of the
the S-22 sample al =4.2 K decreases by almost two orders difference generation rate of defectéN,—Ng)/d®, deter-
of magnitude and passes through a minimum at pressur@ined from the position of the—p conversion point for the
P~9 kbar, corresponding to a transition of the alloy with sampleS-22 and the rate of decrease of the electron density,
x=0.22 through a gapless state. The temperature depefalculated according to the change in the period of the Shub-
dences of the resistivity changed form qualitatively and amikov oscillations in the sample¥n-4 and 5} were used to
maximum pressures they are of a metallic character typicagstimate the generation raddN,/d® of donor-type defects.
of undoped Pp_,SnTe crystals(Fig. 1). The Hall coeffi- The theoretical pressure dependenp¢P) were con-
cient at low temperatures decreases continuously under prestructed taking into account the fact that when the energy
sure approximately by an order of magnitude and nearlyspectrum of the irradiated alloy is restructured under pres-
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FIG. 1. Temperature dependences of the resistivity of sag#& bom-
barded by electronsdf=710"" cm™2) at different pressuresP, kbar:
1—0,2—03,3—19,4—6.7,5—11.38.

sure, the sum of the hole densitigén the valence band and

p, in the resonance band remains constant:

P(P) +pa(P)=p(0) +pa(0), @

or, since p,(P)=N,;—n4(P) and p,(0)=N,—n,(0), we
obtain

P(P)=p(0)+[na(P)—n,(0)], 2
where
07
. B - -— =R
1 [
£
c:‘,’016‘ . )
R o
1015 1 ! 1 i L L1
0 2 4 & 8 10 12 1%
P, kbar

FIG. 2. Hole densities versus pressurelat4.2 K for sampleS-22 bom-
barded by electronsl{=7.7x 10’cm™2). Dots — experiment, solid line —
calculation with the parametersE,—E,=9.3 meV, o0=4 meV,
dN,/sd=1.7 cm'L.
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FIG. 3. Diagram of the pressure-induced restructuring of the energy spec-
trum.

Er(P)
()= [ au(E e

£) Na ;{ (E-Ea)?
= X —
ga( o /—271_e 20_2

N,=P(dN,/d®),G,(E) is the density of states in the reso-
nance band in the form of a Gaussian-type cuigjs the
center andr the width of the resonance band, aBd is the
Fermi energy, calculated in Kane’s two-band model with the
parameters presented in Ref. 7. The best agreement between
theory and experiment was achieved under the assumption
that the position of the center of the resonance bagde-
mains unchanged relative to the center of the band gap in the
alloy under pressuréFig. 3) and for the following param-
eters of the model:

; )

E,—E,=9.3meV, o=4 mev, dN,/d®=1.7cnm ™.
4

It should be noted that the method chosen for the calcu-
lation gives automatic agreement between the computational
results and the experimental data at atmospheric pressure,
and agreement near maximum pressures is obtained by vary-
ing the position of the resonance baBg. For intermediate
pressures the computed hole densities are much higher than
the experimental valueg-ig. 2). This deviation of the theo-
retical curves from the experimental points was discussed
previously in an analysis of the experimental data obtained
for electron-irradiated alloyp-Pb;_,SnTe (x=0.2), and it
was attributed to a deviation of the density of states in the
resonance band from the Gaussian férm.

It should also be noted that in the experimental alloy
Pb,_,SnTe (x=0.22) the resonance baiit}, was found to
lie somewhat lower than in the previously investigated alloys
Pb,_,SnTe (x=0.2), for which the average value of
E,—E, was E,—E,~5.3 meV. This suggests that in the
alloys P _,SnTe the position of the band of radiation de-
fectsE, relative to the center of the band gap does not de-
pend on the composition.
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