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The results of an investigation of the structural perfection of GaAs epitaxial films grown by
molecular-beam epitaxy at low growth temperatui2$0—300 °C and various As/Ga flux ratios

(from 3 to 13 are presented. Diffraction reflection curves display characteristic features for

the samples before and after annealing in the temperature range from 300 to 800 °C. Hypotheses
which account for these features are advanced. The range of variation of the arsenic/

gallium flux ratio, in which low-temperature growth takes place under nearly stoichiometric
conditions, is established. @997 American Institute of PhysidsS1063-782807)00410-9

1. INTRODUCTION Photoluminescencd’L) spectra were recorded on an au-

There has recently been heightened interest in GaAs eégmatic spectrometer using an MDR-23 monochromator. The

itaxial layers obtained by molecular-beam epitdd4BE) in Uminescence was excited _by an argon lasesf=514), and
a low-temperatureLT) growth regime. Gallium arsenide € excn:;mn power density impinging on the sample was
layers grown by MBE at substrate temperatures100 wient.
T5~200-300 °C are called LT layers. Such layers are char-
acterized by a high concentration of point defects, an arsenig MEASUREMENT RESULTS AND DISCUSSION
excess that exceeds the homogeneity region, and mismatch ] . )
between the lattice constant of the LT layer and the Figure 1 presents thg measured diffraction reflection
substraté3 X-ray diffraction studies of the properties of LT Curves for sampled—3, which were grown affs=240 (1),
layers following heat treatments have shown that annealing/0(2), and 300 °G3) and y=12. It is seen that the curves
leads to increased perfection of the crystal structufedc- ~ Nave an additional peak i, which is characteristic of a
cording to Refs. 5-8, the use of LT GaAs layers in devicedistorted lattice(Herel is the principal peak on the diffrac-
structures and elements of integrated microcircuits leads tBon reflection curve from the substrate, i.e., from single-
improvement of their parameters and characteristics. Anotherystal GaAs. In Fig. 1, which presents the results of the
important area of research into the properties of LT GaAg«-Tay diffraction measurements, it is seen thajyis small
layers is the investigation of the mechanism for the appear€ompared with . The values of the relative reflection inten-
ance of As precipitates and the dynamics of their behavior agity Pr and the full-width at half-maximuniFWHM) W" of
the annealing temperatufig, is raised® I were 0.53, 06 0.6_2 and 1,210.8', 10.8 for sampledl, 2,
The purpose of the present work is to thoroughly inves-ands3, r_espectlvely._Smce_ these values refer to the substrates,
tigate the features of the crystal structure of LT GaAs layerdve attribute the slight differences from one sample to an-
grown at different growth temperatures with different Other to the quality of the substrates used for growth.
arsenic/gallium flux ratios, as well as the influence of subse- One characteristic feature of the diffraction reflection

quent annealing on the degree of perfection of the crystafurves for sample$—3 is an increase ith,4qWith increasing
structure of LT GaAs films. Ts. Since the thickness of the epitaxial filir-0.36 wm and

the angular positions of the peaks {70") are identical for
all three samples, the small value Igf,4; in comparison to
l agd2,3 attests to the more perfect crystal structure of that
Wafers of (100-oriented single-crystal GaAs served as sample, which may be caused by different mechanisms for
substrates. After heat treatment at 660 °C, the substrate tenfhcorporating As into the GaAs matrix at different values of
peratureTs was lowered to the growth temperatuf40, Tg. We also note the appearance of oscillations with a
270, or, 300 °C in our cageand LT GaAs layers with a period A®~57' on the diffraction reflection curve for
thickness of~0.3 um were grown at various values of  sample3 (Fig. 1), which indicate the formation of a sharper
(Wherey=P,s, /Pg,is the ratio between the pressures of thefiim/substrate interface under these growth conditiGrEhe
As, and Ga vapops The annealing was carried out in the thicknessd=0.36 um determined fromA® is in good
growth chamber of an MBE machine in a stream of As atagreement with the film thickness determined from the
T,=300, 400, 600, 700, and 800 °C over the course of 1@rowth rate. All the formulas needed to treat the diffraction
min. reflection curves were presented in Ref. 12.
Diffraction reflection curves were recorded on a double-  Figure 2 presents the measured diffraction reflection
crystal spectrometer using G« radiation. The character- curves for samplel after annealing af =300, 600, 700,
istics of the spectrometer were presented in Ref. 12. and 800 °C(samplest—7). As is seen from Fig. 2, beginning

2. SAMPLE PREPARATION AND INVESTIGATIVE METHODS
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FIG. 1. Diffraction reflection curves for
samplesl-3, which were obtained ay=13.
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at T,=300 °C, annealing alters the form of the diffraction correspondence between the crystal lattice parameters of the
reflection curve. As a result,qq; increases by a factor of substrate and the epitaxial film.

about 3, and this peak undergoes displacement from its origi- The formation of an LT GaAs layer without the appear-
nal position at— 170" for samplel to — 90" for sample4,  ance ofl ,4q On the diffraction reflection curve was also re-
indicating some variation oAa/a.’? (Herea is the lattice  ported in Ref. 13, but ay=3—4. Missous and O’Hagan
constant of GaAs.In addition, the value ofV” for the prin-  attributed this to the fact that there is no excess arsenic in the
cipal peak increases to 20The increase iW" for sample4 LT layer at such values of. The difference between these

is probably attributable to redistribution of the excess As invalues and the valueyt-8), at which we no longer observe
the LT GaAs layer. Such redistribution can occur betweerthe additional peak on the diffraction reflection curve, is ap-
different types of point defects, whose nature and concentrgarently due to design features of the apparatus used. This is
tion for a sample grown af =250 °C (i.e., at a substrate also indicated by the fact that we were unable to grow LT
temperature very close to our valdg=240 °Q were pre- GaAs layers aty=3—4.

sented in Ref. 13. Further annealing of the samples at higher Thus, summarizing the results of this investigation, we
values ofT, leads to increased perfection of the crystal lat-note the following.

tice in the LT layer, and the lattice constants of the film
become the same as in single-crystal GaAs.

These data are confirmed by the results of the measure-
ments of the PL spectra. In our case, as in Refs. 14-16, ther
is no PL signal for the original sample grownTg=240 °C.

However, subsequent annealingTgt>300 °C leads to the
appearance of a signal at=0.825 nm, whose intensity is 107"
equal to 700, 175, 240, and 370 relative units and whose
FWHM is equal to 40, 20, 12, and 9 meV for samples, 6,

and 7, respectively(the PL spectra were recorded Bt 77

K, and the numbers of the samples correspond to the numg 1072
bers in Fig. 2. These data, i.e., the increase in the amplitude x
and the decrease in the FWHM of the PL signal with increas-
ing T, also attest to the increasing perfection of the crystal
lattice of the LT GaAs layer.

For the purpose of studying the influence pfon the
crystal structure of LT GaAs layers, samples were grown at
Ts=240 °C, but withy=8. The additional peak on the dif-
fraction reflection curve observed in Fig. 1 was not detected 10
for such a sample. It was found that the values\tffor the 1
as-grown sample and the samples after annealing a
T,=400, 600, and 700 °C are equal to101", i.e., they

vary OmY_ Slighﬂ% and _Only a slight inC_rease in the intensity fig. 2. pifraction reflection cures for sampleafter annealing at 300, 600,
of the principal peak is observed. This attests to the goodoo, and 800 °GsamplesA-7, respectively.

units
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The influence of neutron irradiatiofthe energyE=2 MeV and the dos& = 10— 10°cm™?)

and subsequent annedthe annealing temperatufig,=400—700 °C and the annealing

time is 30 min of n-type GaA$Te,Cu crystals with an initial carrier concentration
no=2x10%cm 2 on the intensity of the copper-related luminescence band with an emission
maximum athv,,=1.01 eV is studied. A significant irradiation-induced increase in the

intensity of the band is observed. It is attributed to a radiation-stimulated increase in the
concentration of emitting centerCug,Vas pairy as a result of the effective interaction of
interstitial copper atoms with irradiation-induced galliumg) and arsenicV,s) vacancies,

as well asVg Vs divacancies. ©1997 American Institute of Physids$1063-782807)00510-3

1. INTRODUCTION in response to radiation-heat treatment reflected the corre-

Studying the influence of fast-neutron irradiation andsponding variations in the concentrations of the centers caus-

. . l . .
subsequent anneals on the photoluminescéceof n-type Ing It ';l_l-(il g 1-01d ’\_'1.03_- the relattl\lle values}dﬂlé)l 'nt:]he
GaAdqTe,Cu, we discovered an increase induced byunlrra lated and irradiated crystals were fouftd within

0, 1 1 i in-
radiation-heat treatment in the intensity of the copper—relate(‘it 15%) by comparing the corresponding changes in the in

luminescence band with a position of the emission maximun%egr"’Ited intensity of the copper-related luminescence band

hv,, near 1.01 eV. We shall dwell below on this observation,}[/;l]Ith a rt’n.aX|.mu|m a.h vm=1.01 et\>/ ( 301) "’.ltr;]d the Intensity of t
as a well as on a model which accounts for it. € nmnsic fuminescence band Wi a_maximum &

hvm=1.52 eV (15y: clearly,N; o~ 11 01/11 52.2°
2. METHOD
3. RESULTS

The original samples for the experiments were tellurium-
dopedn-GaAs crystals with a concentration of tellurium at-
omsN.=2x 10" cm 2 and a concentration of equilibrium
electronsng=2x 108 cm™3. The crystals were irradiated by
fast neutrons at 20 °@he mean energig=2 MeV, the in-
tegral dosed®=10"—10" cm 2, and the concentration of
radiation defects introducedy(0)=50[cm ]-®). Such
neutron irradiation scarcely altered the valuemf since
nd(o)<NTe-

The diffusion of copper atoms from a thin layer depos-
ited on the surface into unirradiated and neutron-irradiatec
n-GaAgqTe) crystals was allowed to proceed at 700}
T=400-700 °C for 30 min and was followed by rapid cool- 3
ing (the copper concentration is denoted Wy, and the -
maximum penetration depth of the copper atoms was 10 %
um). The diffusion of copper atoms scarcely altered the §
value ofng, sinceN¢,<N+.. However, during the diffusion & 50
of copper atoms, most of the radiation defects annihilated it
various draingtheir concentration in the annealed crystals -

wasng=0.2n4(0)—0.3n4(0)]. 1-3
The photoluminescence was measured at 77 K. It wa / \
excited by the strongly absorbed output of a He-Ne lase ok %3

with a quantum energy equal to 1.96 €ie absorption co- ] 1 ] 1 1
efficient was 4<10* cm™!, and the excitation intensity 0.8 1.0 12 14 1.6
L=10"®cm 2.s71). The PL source was a thin layer of the hv,ev

order of several microns near the GaAs surface. At the val-

. . . FIG. 1. Photoluminescence spectra of unirradiategpe GaAs crystal§l),
ues ofL used the intensity of the copper-related lumines as well as crystals irradiated by doses of fast neutdrsl0™ (2) and 14°

cence ba_nd with a maXimU_m d’_t”m: 1.01 e_V_ ( 1.0]_) in- cm™2 (3). Left-hand curves — without annealing; right-hand curve — after
creased linearly with increasirlg i.e., the variations i, o;  annealing aff,=700 °C for 30 min with a copper layer on the surface.

Figure 1 presents the low-temperatuf@=77 K) PL
spectra of unirradiated and neutron-irradiatetiype GaAs
crystals after the diffusion of copper atoms in them. As ex-
pected, athe diffusion of copper atoms leads to the appear-
ance of a luminescence band with a maximurhat,=1.01
eV [110:=0 for any value ofT, if Nc,=0 (Ref. 3]; b) the
intensity of the intrinsic luminescence band is approximately
identical in the unirradiated and irradiated crystals after an-

1

Intensity,a

1006 Semiconductors 31 (10), October 1997 1063-7826/97/101006-02$10.00 © 1997 American Institute of Physics 1006



diative recombination of electrons in W s pairs(Cug, is

a copper atom in the gallium sublattice of gallium arsenide,

andV g is an arsenic vacangyThey appear as a result of the

successive interaction of interstitial copper atoms with iso-

lated gallium {/g,) and arsenic{,s) vacancies or as a re-

sult of the trapping of interstitial copper atoms B,V s

2 divacancies. Therefore, the observed radiation-stimulated
increase in the intensity of the absorption band with a maxi-
mum athv,,=1.01 eV is associated with an increase in the

1 concentration of the GagV s pairs in the neutron-irradiated
n-GaAs crystals as a result of the radiation-induced increase
in the concentrations 0fg,, Vas, andVgVas.”

8

3
1
[4Y)

L arb. units

A
5. CONCLUSIONS

FIG. 2. Dependence of the relative concentration of the copper-related emit-  The neutron irradiation ofi-GaAgTe,Cu crystals leads

ting centers im-type GaAs crystals on the annealing temperaliyéor an 1, 5 gignificant increase in the concentration ofMp pairs

annealing time of 30 min with a copper layer on the surfdce: unirradi- . L . . ‘ .

ated crystal2-3 — crystals irradiated by doses of fast neutrahs: 103, 1N them. This increase is due to the effective interaction of

10", and 16° cm™2, respectively. interstitial copper atoms with the irradiation-induced isolated
gallium and arsenic vacancies aWd,V s divacancies. The
results obtained are important for understanding the defect-
defect interaction in irradiated semiconducttd.

nealing (at the high annealing temperatures employed most

of the radiation defects, some of which are effective recom-

blngtlon Cente[ﬁ for exce;s _e_IeCtro.nS and h?'es! annihilated m\s our estimates shothe estimation method was described in Ref. 7, and

various drains*~9. The significant increase induced by neu- s accuracy is+50%), N; o;=1X 10 cm™2 in unirradiated crystals an-

tron irradiation in the intensity of the luminescence band nealed at 700 °C, anl; o;=~2x 10" cm™* in crystals irradiated by the

with hv,=1.01 eV was unexpected(,;=0 for any value maximum neutron dos® =10 cm™2 and then annealed at 700 °C.

of @, if Ng,=0).

Figure 2 presents the dependence of the concentration of
the copper-related emitting centers on the annealing tempera«. D. Glinchuk, V. I. Guroshev, and A. V. Prokhorovich, Fiz. Tekh.
ture T, in unirradiatedn-GaAs crystals and crystals irradi- 2P0IUpr0v0dn27, 1030(1993 [Semiconductor®7, 560 (1993 ].
; _ E. V. Vinnik, K. D. Glinchuk, V. I. Guroshev, and A. V. Prokhorovich,

ated by yano_us_ dos.es Of fast n.GUtronS' As we spéasi . Fiz. Tekh. Poluprovodn25, 82 (1991 [Sov. Phys. Semicond5, 48

neutron irradiation significantly increases the concentration (;991)).

of the copper-related emitting centels o; and shifts the  3F. M. Vorobkalo, K. D. Glinchuk, B. K. Gapchin, and A. V. Prokhorov-

region for their significant generation to lower temperatures; ich, F(iZ- T‘;f]kh- Poluprovodn?7, 2047 (1973 [Sov. Phys. Semicond,

: . : : . P 1370(1974)].
p) the Increase IrN.l'Ol IS Stronger, the _hlgher is the irradia 4A Survey of Semiconductor Radiation TechniguesS. Smirnov(Ed),
tion dose(this confirms the radiation-stimulated nature of the i, Moscow (1983.

increase in the concentration of the copper-related emittingv. v. Emtsev and T. V. Mashovets\ative Defects and Impurities in
centers. SemiconductorsThe Institute of Physics, BristglL993.
5G. Dlubek, A. Dlubek, R. Krause, and R. Brummer, Phys. Status Solidi A
107, 111(1988.
4. DISCUSSION 7K. D. Glinchuk, K. Lukat, and V. E. Rodionov, Fiz. Tekh. Poluprovodn.

As we know? the luminescence with a maximum at > 1337(1981 [Sov. Phys. Semicond5, 772 (1981
hv,=1.01 eV inn-type GaAs crystals is caused by the ra- Translated by P. Shelnitz

1007 Semiconductors 31 (10), October 1997 K. D. Glinchuk and A. V. Prokhorovich 1007
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The low-temperature thermopower of transmutation-doped Ge:Ga is investigated experimentally
and theoretically. The large values of the thermopower observed in the regien for

conduction and its sharp drop upon the transition to conduction between impurities are interpreted
as manifestations of the phonon drag of free holes and its suppression in the region for

hopping transport. The positive sign of the thermopower and its magnitude in the hopping-
conduction saturation region can be explained theoretically under the assumption that the classical
£, conduction channel, which is not manifested explicitly in the electrical conductivity,

makes a contribution to the thermopower in the narrow temperature range associated with the
transition frome; conduction to hopping conduction. After the transition to variable-

range hopping T<2 K), the thermopower decreases sharply and takes anomalous, vanishingly
small values. They can be explained within the standard theory of hopping thermopower

only under the condition that the contribution caused by the asymmetry of the density of states

of the impurity band in the vicinity of the Fermi level and the correlation contribution are
compensated. €997 American Institute of Physids$51063-782@7)00610-§

1. INTRODUCTION the gap following from the single-electrorfrBs—Shklovski
) . ) model® This was interpreted in Ref. 3 as a manifestation of

Transmutation-doped germanium Ge:Ga is a thoroughly, oy _electron hops. As the doping level is increased, the
characterl_zaed_ model  system for studying hoppingyeginning of VRH conduction shifts toward higher tempera-
transport:”*It is a moderately compensateetype Semicon- a5 and the interval for NNH conduction narrows
ductor with uniformly distributed Ga, As, and Se transm“ta'accordingl)? and practically vanishes whemN>0.IN,
tion impurity atoms in a ratio which depends on the hardnes§N —2% 107 em™2 is the critical Ga concentration corre-
of the reactor neutrons usédAccording to Fritzsche and spénding to the metal-insulator transitjon
Cuevas, in transmutation-doped Ge:Ga the classical trans-" aAnother characteristic which is sensitive to the features

port of free holes in the valence band,(conduction is ot the spectrum of electron states is the thermopower. The
rgplaced at sufﬁuently low temperatures by hopping conduCysia from measurements of the hopping thermopower of
tivity among the localized ground states of the shallow Ga,,ncrystalline semiconductors are comparatively spifse.
acceptors, which is described by the expression The thermopower of doped semiconductors at low tempera-
0= 0gy eXp(— &1 /KT) + 0z €Xp( — 83 /KT), (1) tures has been studied to a small extent. For example, Ge-
balle and Huff performed measurements of the thermopower
where the second term is associated wijthopping conduc-  for p-type Ge at comparatively high temperatutesceeding
tivity [so-called nearest-neighbor hoppifNH) conductiv- 20 K) in the region fors; conductiorf The increase in the
ity]. thermopower that they observed when the temperature was
Zabrodski, Andreev, and Alekseenko showedhat lowered was attributed to the phonon drag of free hbfes.
transmutation-doped Ge:Ga has a saturation region near the Our purpose here was to investigate the low-temperature
high-temperature boundary for hopping conductivity, wherethermopower in transmutation-doped Ge:Ga at the transition
the conductivity depends weakly on the temperature, and thigom classical to hopping transport and in the region for
activation energy; for NNH conduction is manifested only hopping conductivity.
when the thermal enerdyT becomes smaller than the width
of the impurity band. At lower temperatures there is
variable-range hoppin@/RH) among states of the parabolic 2- MEASUREMENT MATERIAL AND METHOD

Coulomb gap, which corresponds to the following tempera-  ope of the reasons for selecting transmutation-doped
ture dependence of the resistivity: Ge:Ga as the object of investigation is that its electrical pa-
p=0"1=pgs exp(TA /T, ) rameters were c_ietermlned with a high accuracy in Refs. 2
and 4. We carried out a very thorough investigation of a

wherex=1/2. sample of transmutation-doped Ge:Ga with a degree of com-

Zabrodski and Andreev, showetlhowever, that the gap pensationK =0.35, which was obtained by bombardment
in transmutation-doped Ge:Ga is considerably narrower thawith reactor neutrons having a sufficiently hard spectfum.
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The neutron flux provided a concentration of the principaloriented perpendicular to tHa11] growth axis of the crys-
dopant gallium isN=3x 10" cm 3. The impurity concen- tal. The fact that the(T) curve for the sample studied was
tration was measured using the calibration curves for the@xponential, i.e., the sample itself was a good thermometer,
Hall factor in p-Ge taken from Ref. 2. Such a doping level was utilized to measure the temperature difference between
seems optimal for investigating hopping thermopower for thehe probes. Two pairs of In point contacts with a diameter of
following reasons, which follow from the results in Refs. 2 0.4 mm were made on its broad lateral plane at a distance of
and 3. First, the increase in the radius of the localized state® mm from one another. The temperature dependence of the
as the metal-insulator transition is approached is still insigresistance of each pair was measured, so that two “internal”
nificant here, and the value for the Bohr radius of a light holethermometers would be obtained for determining the tem-
a=90 A can be used for qualitative estimates in calculatingperature difference. Temperature differences of the order of
the rates of hopping transitiorithe exact valu@=94 A is 0.1 K could be measured at liquid-helium temperatures.
obtained from the data in Ref.).3Second, at these doping
levels we still see a small saturation region, from which hop-
ping conductivity similar to the NNH regime that was thor- 3. MEASUREMENT RESULTS
oughly characterized in Refs. 2 and 3 begins. Third, VRH  The results of the conductivity and thermopower mea-
conduction begins here at very high temperatufes 2—3 surements are presented in Figs. 1 and 2. The measured ther-
K). mopower remains positive at all temperatures. In the tem-
The sample investigated had the shape of a parallelepperature rangd <50 K, which corresponds to the classical
ped measuring 182.5xX0.5 mn¥, whose longest side was hole transport among delocalized states, the thermopower in-
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mobility threshold in the valence band, we have
10 % vy Q=~¢e,+Q*, whereQ* is the mean transport kinetic energy.
vy According to the data for the sample in Figs. 1 and 2 8
v meV, and at the characteristic temperatlire25 K we ob-
vy tain a~250 uV/IK from (3). We see that this value is sig-
v nificantly smaller than the measured values of the ther-
081 77 mopower in the region of the maximum. As in Ref. 8, we
associate the magnitude and behavior of the thermopower in
v this temperature range with the phonon drag of free holes.
v The sharp decrease in the thermopower upon the transi-
vV tion to hopping transport in the impurity band is apparently a
consequence of the suppression of phonon drag in this case,
which was previously predicted by ZvyagdihiHowever, the
behavior of the thermopower at temperatures below 8 K, at
which the conductivity is determined mainly by hops among
0.4} localized states in the impurity band, is far from trivial.
4.2. Behavior of the thermopower in the hopping-
v conduction saturation regiorAccording to(3), the position
v vV of the Fermi level relative to the impurity band and its tem-
v perature shift should be found before calculating the ther-
0.2y A :f v v mopower. Let us discuss the temperature dependence of the
WV vv Fermi level. When the correlation of the holes impinging on
the same local center is taken into account, the filling func-
mas v tion of the acceptors differs from the Fermi function and has
the form

0 2 4 6 8 o 12 f(E)={1+g; " exd —(E—u)/kT]}*

<4

0.6

@, mV/K

={1+exf —(E~p)/KT]} 4, @
FIG. 2. Temperature dependence of the hopping thermopower of .
transmutation-doped Ge:Ga. whereg, is the degeneracy factor of the acceptor level, and

w=p+kTIng,. For an infinitely narrow impurity band
with a width w<kT) the temperature shift of the Fermi

creases sharply with increasing temperature and reaches el is specified by the expression

maximum values of about 3 mV/K =25 K, after which it
decreases rapidly. In the hopping-conduction saturation re- u(T)=uo—kT In{(1-K)/(g.K)}, (5)

gion at 5-8 K the values of the thermopower are of the wherepu is the position of the Fermi level 8t=0. Hence it

order of 0.2 mV/K. As the temperature is lowered furttier follows that the Fermi level shifts downward toward the va-

the region of the highest observable values of the aCt'Vat'O?ence band wherk>K,=1/(g,+1). The data from mea-

o o VEJ{fEments ofthe e concentiatonype G are moe
region. As a result. beto 2 K thpe therm% owgr takes ver aithfully described, if the conventional valug,=2 is re-
glon. ' P Y placed byg,=4 and thenk .=1/5 (for g;=2 we would

small values, which are not subject to measurement. have K,=1/3). The degree of compensatitt=0.35> K,
for the test samples of transmutation-doped Ge:Ga, and when
4. DISCUSSION OF RESULTS the temperature is raised, the Fermi level shifts upward rela-

Let us consider the three characteristic regions for elective to the impurity band.
tron transport: the transition from classical to hopping trans- ~ Let us discuss the role of the finite width of the im-
port, the saturation region for nearest-neighbor hopping corPurity band in the simple model of a “rectangular” density
ductivity, and the transition to variable-range hoppingof statesg(E)=(N/w)6[(w/2)—|E—E,|], where 6 is the
conductivity. Heaviside function corresponding to an impurity band cen-
4.1. Phonon drag.Here we shall discuss the ther- tered atE=E,. Using (4), for the temperature dependence
mopower maximum observed in the region of classical holéf the Fermi level in this case, instead @), we obtain

transport. As we know,the thermopower is determined by expiw(1—K)/kT}—1
the expression = - 1 .
p u=Ep+w/2—KT Irga{l—exp(—WK/kT)} (6)
k —
a=— EQk—TM’ (3)  This dependence is shown in Fig. 3. It is seen that in the

temperature region which interests us now the Fermi level
whereQ is the transport energy, which is equal to the energydoes not extend beyond the impurity band. This means that
flux density per unit flux density of the particles, ands the  |u— Q| in Eq.(3) is smaller tharw/2, and the corresponding

Fermi level. In the case of the activation of holes to thecontribution to the thermopower in the temperature range
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FIG. 3. Temperature dependence of the Fermi lexeland u: 1 — k15 4 Thermopower calculated with allowance for the conduction
2(n—BJ/w (9a=4), 2 — 2(n—EJ/wW (ga=4), 3 — 2(n—Ed)/w channel[for &, conductionQ— u~g,=2 meV, and the hopping conduc-
(ga=2). The dashed lines describe the asymptotic behavipr ahd . for tivity o= oonexp(—en,/KT)] is characterized by the maximum activation
kT>w [Eq. (5)]. energy for hopping conductias},,= 0.6 meV(for the difference betwees,
and e; see Ref. 2 the ratios between the pre-exponential factors for the
different conduction channels atg,/ o, =10 2 andogm/09;=6.3X 1074,

. . the contribution of the band holes to the thermopower was simulated with
8—10 K is at least 1.52 times smaller than the observed consideration of phonon drdgand the thermopower associated with hop-

value of the order of 20@.V/K. It is significant that at low  ping transport in the band of free acceptor states was assumed to b small
temperatures the corresponding contribution to the therthe dot-dashed line shows the result of a calculation without consideration
mopower must be negative, since at these temperatures tﬂfathesz conduction, and the dgshed curve is the relative contribution of the
Fermi level lies below the middle of the impurity band for ¢2 channel to the total conductivity.
the degree of compensation considered.

On the other hand, the measured thermopower is posi-

tive. Scrutiny of the positive contribution of the valence- Since the values of the activation energies for different chan-

band holes reveals that at the measured values, of de- nels and the corresponding tem eratl?re dependences of the

creases rapidly and cannot account for maintenance of the T P g P P
conductivity differ appreciably, as shown by the results of

ign of the thermopower and i rved val mpera- 7 N
sign of the thermopower and its observed values at tempe ¢%‘)ur analysis in Fig. 4, the contribution of tlke channel to
tures below 8 K.

We can attempt to explain the behavior of the ther-the thermopower is significant only in the narrow transition

mopower by assuming that, along with conduction and region frome, conduction to hopping condition.

hooDi o 4.3. Behavior of the thermopower upon the transition to
opping conduction in the band of acceptor ground States\}ariable—ran e hopping conductiohet us now consider the
there is another channel for electron transport among stat 9 ppIng

lying below the Fermi level, which makes a positive contri—?iﬁg: r:g}'gn’ ;Ze;?térne tnt]c?aei(urlzijn ISS{TSSpU?geén'Sthaengg?;
bution to the thermopower. This channel can bedhe&on- y ' P P

duction observed in Ge at intermediate doping levels an(]igtheinex'tsr 222 tgftoirr)]/ &fehﬁsplljr:ﬁ thbeglzr;ogg;/;/gsr. Ic?n?iﬁ c?seﬂ:)g
small degrees of compensatiog,(conduction is usually as- PPIng P purtty P g

sociated with transport in a band of doubly occupied stateground state of the acceptors, the eneugyQ can be found

separated by a Hubbard gap from a band of singly occupie y utilizing the relatiof

states; see Ref. 15When there are several conduction chan- - _

nels labeled by, the total thermopower is given by the ex- f de(u—e)g(e)ve,u)
pressiona=3 o0 /S o;. Figure 4 demonstrates the possi- 4~ Q=kTIn g+ — )
bility of describing thermopower behavior similar to that fdsg(s)v(s,,u,)

observed experimentally when the significant contribution _
from the channel considered above is taken into accountvherev(e,u) is the mean number of bonds per site which
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belongs to the infinite percolation cluster. The usuallously small thermopower values at low temperatures even in
expressioh for v(e,x) holds, butx now appears in it in- moderately compensated, nitrogen-dopedype 6H-SiC.

stead ofu; for one-phonon hops we have This allows us to regard such behavior as fairly common.
On the other hand, the small value of the hopping ther-
V(e ;):(477/3)(2/a)3j de'd(e’) mopower can be an indicgtiqn that in the Iow-temp_eratu_re
' region we go over to a ballistic phonon transport regime, in
~ , ~ 3 which the standard theory of thermoelectric phenomena
| e le—pltle’ —ultle—e |) (8 Dbased on the use of a local equilibrium distribution is, in
2kT ' general, inapplicable. It is known, for example, that in doped

where 7 is the critical percolation value of the exponent in Ge:Ga, where phonon drag is clearly expressed, an appre-
7 P P ciable dependence of the effect on the sample thickness,

the expression for the hopping rate. The first tern{7dhis . L I .
the Hubbard correlation contribution associated with the fea\-NhICh attests to a significant contribution of the scattering of

tures of the electron distribution functigd), and the second phonons at the b‘,?“”da”es' 'S observed.already at tem'pera—
. tures below 80 K&° The role of the scattering on boundaries
term depends on the symmetry of the density of states rela- ) . )
) = Increases with decreasing temperature, and in the tempera-
tive to x. _  ture range that we considered it also determines the phonon
For a density of states which is symmetric relativeuto  gistribution. Under these conditions the phonon distribution
[in particular, forg(e)=const or a Coulomb gap which is function in a system adjoining two temperature-control
symmetric relative tqu] the second term vanishes, and only stages held at different temperatures is not dependent on the
the termag,= (k/€)In 4~120 pwV/K remains in the ther- coordinates. Accordingly, in the region for hopping conduc-
mopower. In general, the sign and the temperature depemion, despite the presence of a directed phonon flux, no car-
dence ofages, Which is associated with the second term,rier flux appears, and the thermopower vanishes.
depend on the form of the density of statésan be shown
that the energy dependence of the localization radius of the. PRINCIPAL RESULTS AND CONCLUSIONS

states is insignificant It is seen from Fig. 4 that in our case The thermopower of moderately —compensated

ados;?r']e absence of a Coulomb aap. at extremely low tem:[ransmutation-doped Ge:Ga exhibits the following interest-
gap, 172 Y€ ing features as the temperature is lowered and the system
peratures we would have .= — £a(To/T)~4, wheref is a

number of order unityT, is a parameter of Mott VRH, and pasiisefrc;r;ts:iﬁgﬂqgo 2&2‘:'23“22335 0::1'6 honon drag of
a=[d In g(¢)/de],—; <0 is a parameter which characterizes P P y P 9

S free hol r harpl§pby more than an order of magni-
the asymmetry of the contributions to the fluxes from state ee holes drops sharplipy more than an order of mag

. . ) - ) %ude upon the transition to the region for hopping conduc-
lying on different sides o (at the degree of compensation s This can be regarded as experimental confirmation of
under consideratioa>0).1°

_ the theoretically predictél suppression of phonon drag un-
The appearance of a parabolic Coulomb gapai. at  der hopping carrier transport.
low temperatures should cause the contribution of conduc-  However, the behavior of the thermopower in the region
tion among gap states to the thermopower to tend to théor hopping conduction differs from the picture that follows
constant valueygos= — (k/e)€sbskTy , where§y~0.34, Ty from the standard theory of hopping thermopower. For ex-
is the parameter in the expression for the exponential factogmple, upon the transition from the, conduction of free
of VRH conduction among gap staté®, andb, is the cubic  holes to hopping conduction, the behavior of the ther-
asymmetry parameter of the Coulomb gap,¥0 when  mopower can be described under the assumption that in this
K=0.35; see Ref. 12 Thus the contributionsc andages  narrow temperature range a significant contribution to the
to the thermopower have opposite signs. In such a case thRermopower is made by an additional channel of classical
nearly zero values of the hopping thermopower indicate thagransport(presumablye, conduction, which is not mani-
these contributions are of the same order and compensafgsted explicitly in the electrical conductivity. Upon the tran-
one another. SinckT,~7.5 meV under our conditio’swe  sition to variable-range hopping &2 K), the thermopower
can hence obtain the estimaig~0.3 meV '. For such an decreases sharply and takes anomalous, vanishingly small
interpretation it can be assumed thag,s depends on the values. They can be explained within the standard theory of
degree of compensation, and that at small degrees of confropping thermopower only under the condition that there is
pensation the low-temperature thermopower becomes negaompensation of the contribution caused by the asymmetry
tive. of the density of states of the impurity band in the vicinity of
Thus, the anomalously small values of the thermopowethe Fermi level and the correlation contribution to it. How-
at low temperatures might have been caused, in principle, bgver, since such compensation is very sensitive to the char-
mutual compensation of the correlation contribution and thexcteristics of the object investigated, the small value of the
contribution due to the asymmetry of the density of states ohopping thermopower, which we also observed in nitrogen-
the impurity bandin the region of the Coulomb gap neay. doped 61-SiC, apparently points to another possible expla-
Such a “compensation” explanation should have been vennation: a transition to a ballistic phonon transport regime.
sensitive to the characteristics of the object investiggiad We thank M. V. Alekseenko for preparing the Ge:Ga
ticularly to the degree of compensatjoThis explanation, samples, as well as the participants in the seminar of the
however, seems unlikely. In fact, we discovered anomataboratory for Nonequilibrium Processes in Semiconductors
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Resonance acceptor states in uniaxially strained semiconductors
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The energies and lifetimes of resonance states that arise in a uniaxially strained semiconductor
are considered in the framework of the zero-radius potential model. The results obtained

can be used directly foh™ states and for the qualitative analysis of the behavior of the ground
state of a Coulomb acceptor in a strained semiconductor. Numerical results obtained for

Ge and GeSi are presented. The oscillator strengths of optical transitions between the resonance
state and the ground state in strained germanium are calculated99® American

Institute of Physicg.S1063-782807)01010-7

1. INTRODUCTION zero-radius-potential model, when the undeformed crystal
has only one localized fourfold degenerate level. This model
TheT'g or I'y representation corresponds to the top ofenables us to derive analytic expressions for wave functions,
the valence band in Ge, Si, and in most of the 1ll-V com-and simple equations for the energies and lifetimes of split
pounds. The four-fold degeneracy of the top of the valenceatates in the entire pressure range. Obviously, the model can-
band is removed in the strained semiconductor. There is alseot claim high precision when acceptor states in the a
a corresponding splitting of the acceptor ground state thastrained semiconductor are calculated because the zero-
transforms under the same representati?hen a particular  radius potential is a relatively coarse approximation to the
strain is reached, one of the levétboubly degenerajdalls  actual Coulomb potential. The model can nevertheless be
into the valence-band continuum and becomes a quasistased to derive an equation for the lifetimes of resonance
tionary (resonanckglevel. acceptor states. We note that this problem cannot be solved
The advent of the far-infrared laser that relies on intrac-by other existing methods, e. g., variational method, so that
enter transitions in a shallow acceptor in stressedR&ds. 2  even qualitative information relating to resonance states is of
and 3 has stimulated interest in calculating the energy lev-considerable interest for practical applications of strain-split
els, wave functions, and lifetimes of resonance states thatcceptor states in the far-infrared laser.
arise in this case. Experiments on laser generation have been
carried out with uniaxially strained Ge crystals to which , tHEORETICAL MODEL
electric-field pulses with durations between 0.2 angur
were applied. The pulses depleted the ground state of the In the spherical approximation with uniaxial strain, the
shallow acceptor in the bandgap and transferred holes to théalence band is described by thex4 Lattinger
valence band. A sharp increase in the radiation intensitﬁ"’“’niltoniar11

emerging from the sample was observed at a certain pressure a, b c 0
(P~4 kbar for PlI[111] and P~3 kbar for PI[001]). The

- . #2 | b* a_ c
observed phenomenon was regarded as being due to stimu- H(K,{)=—— (1)
lated transitions of holes from the resonance state with in- ' 2mp|c* 0 a.  —b|’
verted population, through which they passed in that case, to 0 ¢ —b* a,
localized acceptor states in the bandgap. Stimulated radiation
was observed in the pressure ramye4 kbar toP=12 kbar ~ Where
for P\I[_ll_l] and P=3 kbar to P=8 kbar for P!I[_OOl]. The a,=-— (71—27)k§—(7’1+ y)(k§(+ k\z()_ Z,
upper limit of P corresponds to a 48-meV splitting of the top ) , o
of the valence band. Detailed analysis of the experimental a-=—(y1t2y)kz—=(y1—y)(kx+ky)+7,

data requires a knowledge of the binding energy and of the b=2v3 .
splitting of the acceptor ground state in this pressure range.

The effect of strain on shallow acceptor states heretofore  c=v3y(ky—iky)?,
has been considered only for two limiting cadgd) small  (2yat3v)/5 1
deformations, for which the splitting of the valence band is ¥~ (273 373)/5. (1a
much smaller than the binding energy of the acceptor state iplere k=—iV, the Z axis lies along the strain axis, and
the undeformed material and for which perturbation-theoryy, |y,  andy; are the Lattinger parameters. The paraméter

problem can be solved ari@) large deformations, for which s related to the splitting of the top of the valence band in the
each of the split subbands and the associated levels can Bgained material:

examined independently. The decay of the resonance states
was not _conS|dered at all. _ _ Ege=—=bX, )
In this paper, we consider the problem in terms of the Mo
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whereb is the deformation potential, and is the applied Thus the energy level problem involves calculation of
pressure. In the case of Ges=6 meV/kbar when the strain 6% ,,, andé% 5, as functions of? and the strain parametér
along the[111] axis is 4 meV/kbarRef. 1). The following  The equations for these calculations can be obtained from the

set of Bloch basis vectors was chosen (by: boundary condition for the wave function envelopes with
r—0:
. (X+iY)1 - [(X+iY) | —2Z7] "
Ugpp=— i , Upyp=——= i - , : ~
S vz J6 ‘I:m [(un| ¥ (up| ¥M)]=0, (11
r[—0
1 . 1 _ . , .
U_go=— (X—iY)|, U_1p=—=[(X—iY)T+2Z]]. where the angle brackets denote integration over the unit
V2 V6 cell. This condition corresponds to the assumption that strain

) does not affect the behavior of the wave function within the
The acceptor wave function can be characterized by theange of the potential. Substituting the wave functi¢gs
values of the Z-component of the angular momentum, and(7) in (11), and using Eqs8)—(10), we obtain the equa-
namely,M = +1/2,+3/2. We shall use the following nota- tions for &y (M= *1/2+3/2)
tion for the statedVl =+ 1/2,+3/2:

1(8%,4%,{)=0, (12)
" h2a?
EY= my (4 where
In the zero-radius potential model, the acceptor wave > 5 ai(k,g)—éf,,lg
function takes the forf 1O,k ,§)=§k: AB,—D
A A . .2
W="2 > GunE"k WUy, (5 sk r7xL
WV km=532+172 AB.-D |’
where M =+*1/2,+3/2, andu,, are the Bloch amplitudes,
given by (3), " As=a (k)= o4+l By=a,(k,{)—dy*{,
Gum(EM kO =[H(k,O)—E" ]k () Ac=a (k)-k*=¢, B=a,(k)—k*+¢,
is the Green’s function of the Lattinger Hamiltonian for the  p—p(k)b* (k) +c(k)c* (k). (13)

deformed materiall, is the unit matrix, and,, is a normal-
izing constant. The precise form of the mathMm(EM,k) In these exp_ressions, the upper sign referbite + 1_/2 and
and of the normalizing constans, is given in Appendix .  the lower sign refers toM =x3/2; the expressions for
The form of the acceptor wave function of the undeformed®= (K, ¢),b(k),c(k) are obtained fronila by replacing the
material is analogous t(5): operatork with the vectork.
For compressive strain, the quantitys positive, the top
of the light-hole subbandM = =+ 1/2) is shifted downward
from the heavy-hole subbandi(= = 3/2), and the spectrum
~ becomes asymmetrisee Fig. 1 The acceptor level under-
where Gy (E,k,{=0) is the Green’s function of the Lat- goes the corresponding splitting. For a particular strain, the
tinger Hamiltonian for zero straitsee Appendix)L level with M = = 3/2 is pushed into the continuous spectrum
We now introduce the ionization energies of states withof the light subband. The state thus becomes quasistationary
M= +1/2 and=3/2 in the strained material, which we de- and the energy acquires an imaginary term:
fine as the separations of tMe= = 1/2 and= 3/2 levels from
the top of the corresponding subbands:

Awm

WV km=%32+172 6Mm(E’k’§:O)eikrum’ @

YM(r)=

T h2(8%,—i16")
epx3A )= —Eigp—i 5 +0.Ejem——F —

22 2 2mg
()=~ Euyy OB e 22 (8)
€b, (0= +1/27 X Odef— 2my which is related to the lifetime of the resonance state by
and Ao mg

T

1252 4 TR

2mg

&b, 5 (0)= — Bzt 0.9 ge= 9

For tensile straing is negative and the top of the heavy
The quantitiess?, are positive. Accordingly, the binding en- subband ¥ = *+3/2) shifts downward from the subband of
ergy of the acceptor state in the undeformed crystal, which i§ight holes M= *1/2). The level withM=*+1/2 can be-

regarded as a known parameter in the zero-radius-potentigbme a resonant state in this case. This situation is encoun-

model, is written in the form tered, for example, when a GeSi layer is grown between Si
52,2 layers.
E=— K . (10) The detailed solution of12) for M= *+1/2,+3/2 is dis-
2mg cussed in Appendix II.
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FIG. 1. Schematic representation of the valence band of Ge for uniaxiaground-state splitting energy of uniaxially compressed ger-
strain along th¢001] axis. manium E.3,—E. ) as functions of the splitting of the
valence bandcurvesl and3), which in turn is related to the
3. DISCUSSION OF NUMERICAL RESULTS FOR Ge AND applied pressure b§2) Itis .cllear from Fig. 2 that the thresh-
GeSi old value of the strain splitting energy at the top of the va-
lence band, for which the resonance state appears, is 15.68
Within the framework of the zero-radius potential mev, which corresponds to the threshold pressure of 2.6
model, the equation in(5), with allowance for(A.l.1)~  kpar for[001] strain and 3.92 kbar fdii11]. This threshold
(A|4), determines the wave functions of the localized andcorresponds to the point of intersection of curdeand 3.
resonant states in the strained CI’yStal for different level enFor any other acceptor impurity’ it is sufficient to have the
ergiesey, .32 andey, + 172, Which can be obtained by numeri- pinding energy in the undeformed material in order to obtain
cal solution of(12). the threshold energy for the strain-split valence band, since
Let us begin by considering the case of an acceptor staige critical value of the ratie&/0.5E 4 for Ge is 1.441 and is
for a Ga impurity in uniaxially compressed germanium. Thejndependent of the binding energy of the impurity state. The
procedure for solving12) is described in Appendix Il. We  threshold splitting energy at the top of the valence band, for
aSSUmed that the b|nd|ng energy in the Undeformed materi%hich the resonance state appears in Ge is therefore
(8) is E=11.3 meV, which corresponds to the Ga impurity g ... .=1.38&. To estimate the precision of the zero-
in Ge (Ref. 6. Figure 2 shows the ionization energy in the radius- potential model used in these calculations, we can
ground state of the acceptor impuritjd(==1/2) and the compare graphs analogous to curtesnd3 in Fig. 2, which
were calculated for the true Coulomb potential of the accep-
tor impurity (curves2 and4). Curves 2 and 4 were calculated

50 at high pressures from E7.18 in Ref. 1 and were deter-
i mined approximately at low pressures. Comparison of curves
4or 4 1 and 3 with 2 and 4 shows that the zero-radius-potential
L model provides a reasonable description of the splitting of
> 30F - the ground state of a shallow acceptor impurity as a function
r R . . . .
g L of the applied pressure in the pressure range in which the
<& 3 splitting energy at the top of the valence band can exceed the
20 a the binding energy of the acceptor state in the undeformed
B crystal by a factor of 2—-2.5.
10F s 1 g As already noted, when the pressure corresponds to a
- A LT TN splitting of 15.68 meV at the top of the valence band, the
) 1 ) ) : . M = =+ 3/2 state falls into the continous spectrum of the light
0 0 20 Em mé‘” 50 60 subband 1=+ 1/2) and becomes quasistationary. Figure 3
def o

shows the lifetime of the resonance state plotted as a func-

FIG. 2. lonization energyey .., and the gorund-state spliting tion of the_ sphttlng at the_top of the valence band. It is clear

el > . that the lifetime falls rapidly as the resonance level moves
®w=gp 1~ €p +3/27" Eqgef (3,4 in the shallow acceptor Ga as functions of | . .

the strain splitting of the top of the valence balg in uniaxially com-  INtO the contn_"nuur_n of the supband, which corr(_asponds .tO a

pressed Gel,3—short-range potential,4—Coulomb potential. strong reduction in the quasistationary level width. Notice-
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FIG. 4. lonization energyey.ap (1) and spliting iw=ep .32  FiG. 5. Lifetime r of the resonance statd = = 1/2 on the boron impurity
~ep,x12+ Eqer (2) Of the ground state of a shallow boron acceptor impurity hiotted as a function of the concentration of the solid solution
as functions of the concentrationof the solid solution GgSi; _, grown on GeSi,_, /Si
Si. T

able hole localization occurs only  when axis, the emitted radiation is polarized at right angles to this
|Eger— Edetcid<0.1 meV. At high pressures, the bound statedirection. By using second-order perturbation theory we can
decays near'y instantaneous'y, because the ||fe'ﬂrmeth|s ShOW that the OSCi||at0r Strength Of the 87‘2./2 transition iS
case is on the order of several nanoseconds. given by

Sufficiently thick GgSi;_, layers that may be consid- m

; ) ) o

ered three dimensional can be produced by growing thég/z‘l/zzhz’y (Egpp— E1,2)M —21/2 D25
Ge Si; _ solid solution with a low Ge concentrationon Si ! - e

substrate. These layers are stressed because Si aB8d Ge 1 13 2
have different lattice constants. The stress is tengiteq), <§:Mi er 77Vk><77Vk e(éz| EaMf>

so that the ground state h&ds= +3/2, whereas a resonant X -

state hasM =+ 1/2. The tensile strain is a function of the 7k Ei—e,(k)+il
concentratiorx. We used the known splitting at the top of (14

the valence band in strained (84 _, and the binding en- Here # is the electric field, ana is the polarization unit

ergy qf the ground state of t_he shallow acceptor on .the.borooector. The dependence of the oscillator strength on the ap-
impurity in undeformed Gg&i; _, to calculate the ionization

LA plied pressure has a singularity that corresponds to a particu-
energyey, «3;, the splitinghw=ep +5~ep <12+ Eqger Of a1 pressure for which thit = + 3/2 level coincides with the
the ground state in this impurity, and the lifetime of the (o5 of the light subband. The behavior of the oscillator

M = *=1/2 resonant state as a function of the concentration strength in this energy range can be determined by udifig
of the solid solution. These plots are shown in Figs. 4 and 5, the form

The required binding energy of the acceptor ground state for

the boron impurity, the Lattinger parameters, and the split _ Mo E
3207 32, (Egiz— E1/2)M

ting of the top of the valence band in the strained crystal as a (=212 M==302
function of the concentratiox in the solid solution G&5i; _, 1 3 )
were taken from Refs. 7 and 8. It is clear from Figs. 4 and 5 ~ &

X =, M| erG(E, ,k,0))e£z| =,M; 15
that when the concentration of Ge in the solid solution Ek: <2 f (B ke 2 '> 9

. . 0
GaSh_x is greater than 20%, th? fou'rfold degeneratel{ we now use(5), we obtain the expression for the matrix
ground state of the shallow acceptor is split to such an extenelement
that theM = + 1/2 state becomes a resonant state.
1 - 13

4. OPTICAL TRANSITIONS ; <§’Mf erG(Egp.k,f)e’z E’Mi>

In cubic semiconductors, transitions betwedr= = 1/2 a3k

andM = +3/2 are forbidden in the dipole approximation be- =AiAfeg§f 27 > G, p(Ei .k, 0)
cause the two states have the same parity. The transition ap

becomes allowed when a parity-violating pertubation, e.g.,

an external electric field, is introduced. The presence of this X
field is a necessary condition for the operation of the infrared

laser using intracenter transitions in the shallow acceptor. If the level with M¢==3/2 is close to the top of the light
When the electric field points in the direction of the strainsubband, therjep 3p~Egef <Eger and the matrix element

J d
eﬁ) G,Ba(Ef ,k,g) &_kz GaMi(Ef =k7§)' (16)
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APPENDIX |

0.006f .
We now reproduce the precise form of the Green’s ma-
0.005 trix for the Lattinger HamiltoniarG(EM k) and the expres-
sions for the normalizing constantg, :
S0.004f .
? G(EM k. O)=(H(k,O)—EM)"1=— .
~ o.003f detH(k,¢)—EM)
0.002¢ Bi Bi Bz Bu
R ‘ B,; By By,; B
0.001 % 21 22 23 24 , (A1)
0 . \ Bs1 Bz Bss Bas
12 13 14 19 16 17 18 By, Bs, Bss Bus

Eger , meV
where By, is the algebraic complement of the element

FIG. 6. Oscillator strength /, 5/, of the M==*3/2—-M=*1/2 transition [|:|(k 0)— EMf]—l and 1 is the unit matrix. Finally, we
between the strained states of a shallow acceptor on the Ga impurity as a ' Mm> '

function of splitting at the top of the valence bakg in uniaxially com- have

pressed Ge. é . m 1
(ERK)="-72 (a_+aiy)(a, +afy)—bb* —cc*
(16) can be evaluated analytically. Using the expression for 5
the Green’s function of the Lattinger Hamiltoniasee Ap- a-tay —b —-C 0
pendix ) for smallk, i.e., g1(k)<Eg, We obtain the fol- —b* a++af,| 0 —-C
lowing expression for the oscillator strength of the X " 0 A+ al b
M = *3/2— M« = 1/2 transition: M ,
* *
) — _+
f=1.2x 1073[me\/_]3(:(Edef,sb’1/28b’3/2) (6/‘2 0 ¢ b a “m
(A.l.2)
o2 o3t Bt ! (17 The normalizing constants,, are given b
) izi s are given
Edef€h 172 |&p,32— Edgef 9 M 9 Y
where C(Eget,€p,1/2,€p32) 1S @ dimensionless.function of Aﬁ: |é(EM’k)Mm|2’ (A.1.3)
energy of the order of 1. It shows that the oscillator strength k,m=*1/2,+3/2

of the optical transition rises sharply as thie= = 3/2 level .

approaches the top of the light subband. Figure 6 shows thlémally, we have
oscillator strength of theM =+3/2—=M=*1/2 transition (a_+ a2 4,)%+|b|2+|c|?
for the acceptor impurity Ga in Ge as a function of the split- A;§,2= E —
ting at the top of the valence band. This function has a nar- K
row peak near the threshold splitting, but falls to values of (a,+a2 )2+|b|2+ |c|2
the order of 10° as the splitting departs from its typical AZ2,=> 1
value. It is important to note that the resulting expression is K
valid only for |e, 35<Eged <Eges i.€., when the separation

between theM; = + 3/2 level and the top of the light subband

is much less than the splitting at the top of the valence band?PPENDIX I

[(a_+a%gp)(a, +ad sy —bb* —cc* ]’

[(a_+aZip(a;+adyy—bb*—cc*]*
(A.1.4)

Lets us now consider the equation describing the behav-
5. CONCLUSIONS ior of the M=*1/2 level. The expressions below are used
We have used the zero-radius-potential model to obtaifior the case of compressive stres&>0). To calculate
the equation for the energy levels in the ground state an#(E12.E.{) from (12), we transform to the dimensionless
resonance state of an acceptor in a strained crystal. Thigriables

equation was also used to calculate the lifetime of resonance ————
states. The results of a numerical calculation performed for n= kx+_ky+kz and Xx= ——= (A.11.1)
Ge and SiGe are presented. It is shown that this model can ¢ \/kX2+ ky2+ kZ2

also be used to describe the splitting of the ground state of a i
Coulumb acceptor at moderate pressures. The oscillatd/€ thus find that13) transforms to
strength was calculated for an optical transition between 1 Foo
resonance and ground states. |(ep,+1/2,E,Eqed = \/Zf de n*dnlya(X,m),

The authors wish to thank Volkswagen-Stiftung and the 0 o (All2)
Russian Fund for Fundamental Reseafgtant No. 97-02- o
16820 for partial support of this research. where
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FIG. 7. Disposition of the poles of the integrand and the integration contour [ k6 (:c)

for (A.I1.3) and(A.11.5) for energies:y, . 3, andey, . 1/, corresponding to the

bound states of the acceptor impurity with= +3/2 andM = = 1/2. FIG. 8. Disposition of the poles of the integrand and the integration contour
for (A.IL.5) for the complex energyg,, .3, corresponding to the quasista-
tionary states of the acceptor impurity wikh= *+3/2.

1) = e ) (AL, 1)-D;
B —1
B,+1 (B_.—1)(B,+1)-Dy’

- (B_—-1)(B,+1)-D;’ _
! ! Agp=2a_(7,X) — &p,+3/2/0.5E get,
Aipo=a_(1,X)—&p +1/20.5E get,
12 Pt ol Agp=a.(7,X) — &y +30.5E ger,

+ o _
A1=a+(7,X) ~ &b, +1/20-5E ger, and the quantitieB_ ,B, , andD, were defined earlier. The
B_=a_(7,X)—E/0.5E 4, result is that(12) assumes the form
_ E
B =a.(7,X)~ E/0.5Eqr, | = JTF 3 2?2 =0 (AIL5)
tF 3| 0 B ' 0.

Dlzb(ﬂvx)b*(ﬁax)"'c( 77:X)C*(77,X)-

] When the ratioE/0.5E 4 is greater than E/0.5E ¢ ¢/,
Equation(12) becomes

which is determined by the Lattinger parameters for the

Ep <12 E given material, the solution ofA.Il.5) by the method de-
I= \/ZFl/z(ﬁ, 05 )20 (A..3)  scribed forM==1/2 gives the values 0y | /2/0.5E et
def def corresponding to the bound states with=+3/2 in the

and givesey, . 1/2/0.5Eger @s a function of£/0.5E et bandgap. AE/0.5E 4o (E/0.5E 4, the bound state ap-

We note that the integrand iA.11.2) consists of a dif- proaches the bottom of the light subband and for
ference of two terms which tend to the same constant ag/0.5E 4.< (E/0.5E 49, , it falls into the continuum of this
n—, so that the integrals diverge for infinite limits, but the sybband. The poles of the integrand(fll.4) then become

difference itself tends to % in the limit »—o and the real and remain real for anye[0,1]. If we evaluate the
integral of the difference is finite. We now reduce the inte-integral in this case, we obtain the complex function

grands to a common denominator. The resulting rational
fraction has purely imaginary poles that are functionx.of l=U €b,+32 E b, 312
To evaluate the integral with respect 4pwe close the con- 0.5E ger 0.5 ger 0.5 get
tour in the upper half-space, as shown in Fig. 7, and use thgnhich can vanish only for complex values of .4, and,
residue theorem. The integral with respecxk tioetween finite correspondinglyﬁﬁg,z. We now write "

limits can be readily evaluated numerically. Solvi@#gll.3), -

, (A.11.6)

+iv]

we obtain the quantitg. 1/, as a function of ges. ep,+32 ) —ep +ap( ) —IT=—E.gp— i+ 0.5 ¢
Let us now consider the equation for the energy of a h2( S —is)
level with M= +3/2. If we apply the transformations de- = b,*3/2 _ (A7)
fined by(A.Il.1) to (13). We finally obtain the expression for Mo
| (eb=312,E,¢) of the form of (A.1.2): After this substitution, the poles of the integrand(#ll.4)
1 o become complex and when the integral with respecy is
I(sbis/z,E,Edef)=\/Zj dxf 7°dyLlgn(X, ), evaluated, the contour must be closed as shown in Fig. 8.
0 o Solving (A.Il.5), we obtaing, .3, and I' as functions of
(All4) ¢ ’
def-
where
Agptl
La(X, )= 1G. L. Bir and G. E. PikusSymmetry and Strain Effects in Semiconductors

(Agppt 1)(A?T/2+ 1)-Dy [in Russian, Nauka, Moscow, 1972.
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Nuclear magnetic resonance spectra of  °Sn and ?°Te in SnTe and SnTe:Mn
V. V. Slyn’ko, E. I. Slyn’ko, A. G. Khandozhko, and Yu. K. Vygranenko

Institute for Materials Science, National Academy of Sciences, 274001 Chernovtsy, Ukraine
(Submitted April 13, 1996; accepted for publication January 13, 1997
Fiz. Tekh. Poluprovodr81, 1187-1191(October 199y

A study is reported of the nuclear magnetic resonance spectfdsf and'?Te in SnTe with

hole concentrationp,,=1.42x 10?°°—2.3x 10?* cm 2 and in SnTe:Mn y,=0.5 and 5

at. %, p77=8x10?°° cm™3) at T=4.2—300 K. Considerable broadening of NMR lines due to
hyperfine magnetic interactions between nuclear and electron spins was observed in

SnTe withp,,>2x2% cm™3. Asymmetric broadening of the resonance lines was observed in the
rhombohedral phase of SnTe and SnTe:Mn. The temperature dependence of the NMR line
width of ¥?°Te in SnTe:Mn is in agreement with the magnetic phase diagralifge=5 at. %.

The superparamagnetic phase of SnTe:Mn is formef=a20=2 K and the ferromagnetic

phase is formed af=4.2 K. © 1997 American Institute of Physid$1063-78207)01210-6

1. INTRODUCTION The doped material was produced by adding Mn to the
. . material.
The NMR spectra OF?Sh n SrgTe (_:rsystals V\."th hqle NMR was investigated in powder samples with grain
concentrat|onqa77=_6><10_1 _8XI02 cm * were Investi- o meters in the range 50100 um and sample volume of
gated in Ref. 1. An investigation was made thgre of the effec 25 cnd. The grain dimensions did not have any appreciable
qf the electron subsyst_em on the ferroelectric phase ranSkttect of the resonance spectra. The magnetic susceptibility
tion, and the ferroelectric point was found to Bg=145 K of single-crystal SnTe:Mn was measured by the Faraday
at the lowest hole concentratign,=6x 10" cm™3, method

In this paper we report a study of the effect of the elec- '
tronic and magnetic subsystems of SnTe:Mn crystals on
NMR spectra. We have examined the dynamics of the shapg& EXPERIMENTAL RESULTS
and width of the NMR lines of'°Sn and'*Te (and also the A NMR spectra of °Sn and 2Te in SnTe
Knight shift) as functions of the concentratignin SnTe. We . . _
have recorded the NMR spectra and the magnetic suscepti- V€ have investigated the NEAR spectra} of t_|r; and tellu-
bility of SnTe:Mn with different impurity concentrations. UM in SnTe withpz;=1.42x 10°°-2.3x 10 cm™* in the
The results were then used to analyze the state of the dopd@mpPerature rangé=4.2—300 K. The line width was deter-

system SnTe:Mn. mined at half-height of the resonance absorption curve.

Since SnTe is a low-temperature ferroelectric, the con-
centration dependence of the width of the resonance lines of
11%n and?Te [AB=f(p)] was measured af =300 K.

The lines broaden ag increases, and the effect is particu-

The resonance spectra were recorded in a NMR spedarly noticeable for''®Sn (Fig. 1). The lineshape is nearly
trometer, using an inductive probe at the resonance freaussian fop;7<2x10?°cm 3, found from the ratio of the
qguency 13.495 MHz. The signal was detected by a standarsecond to fourth moments. For higher valuespothe line
method, using differential scans and digital signalshape departs appreciably from the Gaussian shape. When
averagind' the concentration dependence is well defined, the line width

The SnTe crystals were grown by Bridgman’s method.is found to be a slowly varying function of temperatisee
The hole concentration in themp{;1/eR;;) was usually Table ).
7x107°—8x 10°7° cm™3. These values are attributable to the ~ For p;,<8x10?°° cm 3, the SnTe samples showed
properties of the phase diagram, i. e., a deviation of the equiasymmetric NMR line broadening at low temperatures. The
librium composition of SnTe from stoichiometry toward an temperaturél . at which asymmetry disappears is a function
excess of Te. The concentratiprwas therefore determined of the concentratiop. Figure 2 shows the transformation of
by the number of electrically active tin vacancfes. the shape of the NMR line of!®Sn in a sample with

To produce samples with concentrations in the broag,,=2x10?°cm™ 3. (The derivative of the NMR signal was
rangep,;=1.42< 10°°— 2.3x 107! cm™3, the original mate- recorded in order to exhibit more clearly any features present
rial (single crystal and powder samplesas subjected to on the line) It is clear that, forT<100 K, the shift of the
isothermal annealing in saturated vapor of the components gkeak is accompanied by asymmetric line broadening. These
different tempertures for 240600 h(Ref. 2. X-ray diffrac-  features of the resonance lines were less well defined in the
tion studies aff =300 K have shown that the annealing pro- case of*?*Te. According to Ref. 4, the symmetry of the
cess does not alter the cubic structure of SnTe, but, accordsw-temperature phase of SnT&€< 150 K) is a function of
ing to Ref. 3, it does facilitate the more uniform distribution the concentratiom. In samples withp<5x10?° cm 2 (we
of free carriers in the sample. recall thatp=0.6X p;), a ferroelectric phase transition oc-

2. EXPERIMENTAL PROCEDURE
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FIG. 1. Width of the resonance lines 8fSn (2) and*?°Te (1) plotted as a
function of the hole concentration =300 K. FIG. 2. Width of the***Te NMR line in SnTe withp;,=2x10%°cm ™2 as a

function of temperature.

curs asp is reduced, and in the rhombohedral phase of SnTe ) 1
is formed. ThusT.=98 and~150 K for p=8x 109 and ~Nwn=>5 at. %, the NMR width of**Sn exceeds 150 Hz and

4x 10" cm™3, respectively. bgcomes difficult to detect b_y continuous scanr_1ing tech-
It follows from the foregoing discussion that the asym- Niques. The dynamics of the lineshape as a functioNgf
metric broadening of the NMR lines 3f%n and'?Te is IS therefore reproduced only f6f°Te (Fig. 3.
typical for concentration and temperature ranges correspond- Figure 4 shows the temperature dependence of the NMR
ing to the rhombohedral phase of SnTe. This conclusion i&ne width of 2Te for Ny,=5 at. %. A reduction in tem-
confirmed by the following arguments. In SnTe samples withP€rature from 300 to 22 K has no appreciable effect on the
p-=8x10% cm3, in which the cubic structure persists lineshape or width. However, at= 2_0t2 K, the line broad-
down to the lowest temperaturéthe resonance lines due to €NS abruptly and a further reduction to 4.2 K produces no
both nuclei are symmetrically broadened in the temperaturg€tectable resonance absorption. .
range T=4.2—300 K. Computer analysis of the lineshape .To obtain gddltlonal information on the state of the im-
shows that it can be described by the sum of two lines wittPUrity system in SnTe:Mn, we have measured the magnetic

almost Gaussian shape in roughly equal amplitude.

B. NMR spectra of 11°Sn and '?°Te in SnTe:Mn and magnetic
susceptibility
The NMR spectra were investigated using SnTe:Mn
samples with impurity concentratiom,,=0.5 and 5 at. %, J
and p,;=8x10?° cm™3, for which their structure remained
cubic throughout the temperature range 4300 K. This
excluded the possibility of asymmetric line broadening due
to the ferroelectric phase of SnTe. =
The introduction of the Mn impurity has no effect on §, 2
hole concentration in SnTe, but does have a significant effect »
on the shape and width of the resonance lines.Nggy=0.5 §
at. %, resonance absorption is observed for both nuclei. For =
TABLE I. NMR line width, G
T, K 1
p77, cm 3 line type 300 77 4.2
0 11 L i i 1
Lazar iy o s P W020 10030 10040 10050
1.0x10% 11%5n 17.0 10.0 19.5 8,6
125Te 4.0 6.8 7.5
2.3x10% 11%5n 31.0 33.0 34.0 FIG. 3. Shape of the NMR liners d?°Te NMR line in SnTe:Mn as a
125Te 9.0 11.6 13.4  function of the impurity concentratioM,,, at T=300 K: 1 — undoped

SnTe, 2,3 — Ny,=0.5 and 5 at. %, respectively.
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FIG. 4. Width of the'®Te NMR line as a function of temperature for hd
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susceptibility of samples witiNy,=0.5, and 10 at. % and .
p77=8X 107 cm™2. 8360 ! ! t
The paramagnetic component of susceptibility increases 0 a0 40 60

with increasingNy,, and the functiony, *(T) satisfies the

Curie-Weiss law(Fig. 5). Since the M%* ions are in the P
S-Ste.lte in SnTe, the fact that the Curle-W_elss 'aW IS SatISﬁesilG. 6. Concentration dependence of the resonance field on the hiSiei
confirms the presence of the exchange interaction betwe€n) ,nq 125re (1) at 13.495 mHz(arrows show the chemical shiftsit
them. ForNy,,=0.5 and 5 at. %, the characteristic temper-T=300 K.

ture is#= —20 and—54 K, respectively, i. e., the exchange
interaction is antiferromagnetid=ig. 5, curvesl and 2). It

was found thatd=+29 K for Ny,,=10 at. %, which sug-
gests a ferromagnetic interaction. We observed not only &
nonmonotonic variation of) with increasingNy,, in SnTe
(as in PbTe:Mn and PbTe:Eu; Ref), Hut also a change in
the mechanisms responsible for the interaction.

1%/3, -1
’/3, 10" om

In degenerate SnTe, the zero quadropole moments of the
%n and!?°Te nuclei ensure that the magnetic electron-
nuclear interaction is the dominant feature. To detect it, we
have measured the resonance fields'tn and'*°Te as
functions of the hole concentratiqirig. 6). The resonance
field on nuclei is the resultant field shift consisting of the
4. DISCUSSION OF THE RESULTS chemical and Knight componeng and S shifts, respec-

The NMR spectra of solids exhibit in most cases glively. Since the chemical shift is independent of hole con-
broadening of the Gaussian line due to the dipole-dipole incentration, we may consider that our curves reflect the char-

teraction between the nuclear magnetic moments. The addCter of the concentration dependence of the Knight shift.
tional local magnetic field induced on the nuclei produces thd "€ arrows in the figure show the valuesfin the corre-
resonance-line broadening, but is too weak to affect the res¢Ponding nuclei, obtained as in Ref. 3 by extrapolating the
nance frequency. The shape of the spectra is also affected Hjeasured dependence to zero hole concentration.

the electric and magnetic interaction of the nuclei with their It IS clear from Fig. 6 that both nuclei have positi%g
environmenf:’ (resonance field shifted toward lower valuefor

p77>2x107° cm 3, which increases with increasing.
Symmetric broadening of the NMR lind&ig. 1) was ob-
served in parallel and was much greater than the pure dipole

101 1 broadening. At the same tim&¢ and AB were greater for
11%5n than for'?Te.
gk The recorded¢ shows that there is magnetic hyperfine
= interaction between nuclear and electron spins. The addi-
"B tional magnetic field generated by this interaction on the nu-
° 6 clei (the field is parallel to the external field becage>0)
‘L 2 produces not only a line broadening, but also a shift of the
‘\‘.‘ 4 resonance frequency.
‘;'Q‘ Comparison of Figs. 1 and 6 shows that the concentra-
2k tion dependence oAB and Sy is the same fort'%n (or
3 125Te). This means that there is a relationship betwad
0 |M and S¢ . To verify this assertion, we have plotted the func-

0 %0 240 770 tion AB= fgSK) forl”gS_r; in the concentration range
T, K p77=4%107°—2x10%t cm™ 3. We found that this function is
a linear relationship that can be described by

FIG. 5. Temperature dependence of the paramagnetic susceptihjlity
SnTe:Mn for the following values dfly,,, at. %:1 — 0.5,2 — 5,3 — 10. AB=ABj+c- S, (1)
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whereABy=1.5 G is the line width obtained by extrapolat- around each Mn ion as a result of the spin polarization of
ing the experimental curve t&=0 and c=0.22 is the free carriers. The resonance is difficult to observe fiea@2
slope. The linear relationship betweAm andS, for 2°Pb K because of the strong line broadening.
in p-type PbTe was obtained for the first tinfiRef. 3. The vanishing of the NMR signal at 4.2 K can be attrib-
We may therefore conclude that the weak temperaturated to the ferromagnetic phase of SnTe:Mn that is formed
dependence of the line widfisee Table )l reflects the tem- as a result of the overlap of the ferromagnetic clouds.
perature dependence 8§ in the degenerate materiaf. We note that our results are in conflict with the conclu-
We now turn to the discussion of the results obtained forsions reported in Ref. 10, according to whiB should be
the SnTe:Mn samples. The paramagnetic iong Mproduce  a linear function oiN,,, and of 1T. To verify this assertion,
a considerable enhancement of the effective magnetic fieldle have used the data from Ref. 10 to plot a graph of
H., on the nuclei. This leads to a broadening of the resoAB=f(T) for 1*°Te with N,,,=0.5 at. %(the values ofAB
nance lines that is particularly appreciable in the case ofor Ny,=5 at. % are shown only foF =330 and 77 K. As
1% m. The line width of!°Sn is greater by a factor of nearly expected, the Curie law is not satisfied: strong line broaden-
10 than the line width of?Te for Ny,,=5 at. %. The sig- ing is observed af =4.2 K. Again, in contrast to Ref. 10, we
nificant difference between the valuestdf for these nuclei have not detected any changes in the NMR line width of
is obviously the reason for the asymmetric broadening of thé?°Te in the temperature range #800 K for N\y,=5 at. %
NMR lines in SnTe:Mn(Fig. 3). Our results lead us to the following conclusions. The
The functionsy, *(T) andAB=f(T), shown in Figs. 3 broadening of the NMR lines df*%sn and'*Te in SnTe is
and 4, are in agreement with one another and are consistedtie to the magnetic hyperfine interaction between the
with the magnetic phase diagram of SnTe:Kfig. 1 in Ref.  nuclear and electron spins. The line shape is definitely non-
9). Gaussian fop,7>2x 10°° cm™ 3. The asymmetric broaden-
According to Ref. 9, the exchange interaction betweering of the lines occurs in the rhombohedral phase of SnTe.
the Mn ions is conveyed by hol¢éRuderman-Kittel-Kasuya- The temperature dependenc&B=f(T) for *°Te in
losida mechanisin Depending onN,,,, this mechanism SnTe:Mn withNy,,=5 at. % is a reflection of the presence of
gives rise to anti- or ferromagnetic interaction between thehe superparamagnetic phaseTat20+2 K and the ferro-

impurity ions in SnTe(Fig. 5. magnetic phase dt=4.2 K. The asymmetric broadening of
The functionsxgl(T) satisfy the Curie-Weiss law the resonance lines of SnTe:Mn is due to the different values
2 of H,, for the nuclei®*Te and!!%sn.
_ Nmn- e 2)
X" 3K(T—0) (

whereu, is the effective magnetic moment of the Mn ions. g. I. Slynko, A. G. Khandozhko, S. D. Letyuchenko, and A. I. Izv.
This means that for SnTe:Mn witN,,,=0.5, 5, and 10 ZQNFS%SR; _Sir.JFié&I‘:L 2136'\(/'1982. 6501977

0, H H _ H : . F. Breprick, J. ectron. Mate .
at. %, there are no regions with long-range magnetic order g o Senturia. A. C. Smith, C. R, Newes. J. A. Hofmann. and P. L.
the temperature range= 77— 300 K. An analogous conclu- Sagalyn, Phys. Rev. B, 4045(1970.
sion can be drawn from the plot &B=f(T) in Fig. 4. The  “0. E. Kvyatkovskii, Fiz. Tverd. Tel®2, 2862 (1990[Sov. Phys. Solid
fact thatAB is independent ofl in the range 22 300 K State32, 1990. _ _ _ . _
shows that the fieltH . on 225Te does not change down to 22 5V. I. Fistul (ed), Physics and Material Properties of Semiconductors with

e . . Deep Leveldin Rusiar, Metallurgiya, Moscow, 1987, Chap. 3, p. 56.

K. The abrupt broadening of the lines &=20+2 K is a 6J. Winter, Magnetic Resonance in Metal€larendon Press, Oxford
reflection of the change in the state of the impurity system (1973.

SnTe:Mn and of the associated sharp increasg.dnand, M. L. Afanas’ev, E. P. Zeer, gnd Yu. G. Kuk_)ardvlag_netic Resonance
consequently irHe). and Electron-Nuclear Interactions in Crystag Russiar, Nauka, No-

. . . . vosibirsk(1983.
This fact can be explained in terms of the magnetic 8 ee Kenneth, J. Liesegang, and P. B. P. Phipps, Phys. Fely.322

phase diagramaccording to which the superparamagnetic (1967.

phase of SnTe:Mn is observed at this temperature whe[iA- Mauger and M. Escomne, Phys. Rev.3B, 1902(1987.
Ny,=5 at. %. The considerable increaseipin the super-  © Fermin and F. T. Hedgcock, Can. J. Phg8, 1783(1982.
paramagnetic phase is due to a ferromagnetic cloud formettanslated by S. Chomet
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Characterization of macrodefects in pure silcon carbide films using X-ray topography
and Raman scattering

A. M. Danishevskii, A. S. Tregubova, and A. A. Lebedev

A. F. loffe Physicotechnical Insititute, Russian Academy of Sciences, 194021 St. Petersburg. Russia
(Submitted September 2, 1996; accepted for publication February 13) 1997
Fiz. Tekh. Poluprovodr3l, 1192—-1197October 199y

Raman and X-ray topographic measurements were carried out on epitaxial films of silicon
carbide grown at Cree Research Inc. by vapor-phase epitaxy on bu#Ri® substrates. The
objective was to identify ranges of the Raman spectrumtbf3BC that were particularly
sensitive to macrostructural defectlislocations, inclusions, elcin these films, and to determine
what conclusions could be drawn about the properties of the corresponding portions of the
films. © 1997 American Institute of Physid$S1063-782607)01310-7

Single-crystal films ofn-type silcon carbide grown by structural defects, as well as inclusions of other chemical
Cree Research Inc. on bullkeSiC crystals 30 mm in diam- elements. Careful light-scattering measurements were there-
eter are at present practically the only product of this kindfore performed in spectral regions in which different phonon
available commercially on the world market. They have abranches of SiC were active on different portions of the
relatively low free-carrier concentration samples.

Ng—N,=10"—10'® cm 2 and can be used in a variety of
electronic de\(lces such as high-voltage diodes, _MOSFETsl,_ EXPERIMENTAL METHOD
and other devices. However, the structural perfection of these

films is still inadequate, and this is reflected among other  The scattered spectra were examined with the DFS-52
things in the relatively low breakdown voltage of the diodesspectrometer and the FU-79 photomultiplier working as a
employing these film$,in the dependence of this parameter photon counter. The excitation source was the 5145—A line
on the area of the—n junction, and in its significant varia- from an argon lase?. Since both the film and the
tion over the area of the film. In view of the foregoing, we 6H-SiC substrate are transparent to this radiation, we used
have carried out a comprehensive study of structural defeciglancing-incidence geometrfangle of incidence 7580°)

in the crystal lattice of these films, and of the reasons fowith the electric vector polarized in the plane perpendicular
them. to the plane of incidence. Less than 10% of the incident

The structural properties of the above SiC films wereradiation in this case passes through the film, because most
investigated by X-ray topography in Bragg reflection geom-of it is reflected and because scattering occurs largely in the
etry. The topograms were recorded in symmetric reflectionsurface layer of the film
such ag(000.12, (000.18, and asymmetric reflections such The photon spectrum of hexagonal SiC polytypes con-
as(101.10 in CuK « radiation. This corresponded to diffrac- tains a large number of bands, but some of them are rela-
tion images at different depths, defined by the absorption ofively weak and were not used in this investigation. We shall
the X-rays. Thus, topograms obtained(i®1.10Q reflections now enumerate and characterize segments of the Raman
contained information about defects in a layer-e15 um,  spectrum that were investigated in some detail in the above
which approximately corresponds to the film thickness in ouffilms.
film samples. Figures 1-3 show topograms obtained for 1. The frequency of the acoustic phonon with symmetry
three samples, on which X-ray and Raman measurements, varies significantly(by tens of cm!) from one polytype
were performed. to another. It can therefore be concluded that this branch of

These topograms enabled us to establish that the epitatie vibrational spectrum is associated with the Si and C layer
ial layers contained fine structures with dislocation densitiepacking structure in the SiC lattice. The spectrum recorded
of Np=10°—10° cm 2 in the basal plain. Many of the ob- in the neighborhood of the above phonon frequency yields
served dislocations were found to emerge on the surface. Thieformation on the film polytype and also on structural de-
samples contained particle inclusions of different size andects at the point at which the spectrum was recorded. For
shape, surrounded by local microstresses and higher disloc@H-SiC, the maximum of this band should lie near 149
tion densities Kp>10> cm 2). We have shown that the cm™1.
formation of the dislocation structure in the film and the 2. The TO and LO branches in all the hexagonal and
distribution of defects over the sample area are due to struechombohedral SiC polytypes show practically no variation
tural imperfections in the substrates on which the films weravith energy among the polytypes. The TO branch splits into
grown. the bands at 7682 cm ! and 79G:2 cm !, whereas the

The Raman spectra of the SiC crystals of different poly-LO branch frequency is 970971 cmi 1. The TO phonon of
types were investigatéd' in a number of publications. Stud- the cubic phase has a frequency of 236 cm !, whereas
ies of silcon carbide films can yield a variety of data siliconthe corresponding figure for the LO phonon is 72 cm 2.
on the crystal symmetr{polytype of the films and on their The appearance next to the TO-phonon b&raD cm ) of
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FIG. 1. X-ray topogram of the E0464-11 samp{&01.10 reflection. CKK «

radiation. Numbers identify portions of the film with different dislocation

densitiesNp, . FIG. 3. X-ray topogram of the E0464-14 samyk01.10 reflection. CiKK «
radiation. Numbers identify portions of the film with different dislocation
densitiesNp .

the hexagonal crystal of the additional band at 7988

cm™ - in our geometry shows that there were inclusions of , . . . .
cubic SiC at this point in the film. of silcon in the vapor phase. It follows that in the crystalline

. - . . state these films can contain excess silcon in the form of fine
Raman scattering experiments with nanoporous SiC lay-

ers deposited on crystals and films ¢1-8iC (Ref. 5 have pure-silicon clusters, or the silcon atoms form some excess

shown that the shape and amplitude of the LO-phonon banﬁi_Si bonds while being bonded to carbon at the same time.

) . . . . n the former case one observes the 522 to 524 tmode,
is much more sensitive to defects in the SiC lattice than the . ) .
whereas in the latter there are weak bands with frequencies

TO-phonon band. It may therefore be assumed that, in man — . )
cases, information about structure defects can be extracte{g e5§ﬁi’ciiGﬁ:r?chrisizglfa(rzelzgs. :’r\,/:refgenﬂ:mﬁgsgﬂ sorc])f

from the spread in the ratid,o/Aro of these bands, mea- band frequency can be slightly lower (52814 cm ) and,
sured at different points on the samjité course, the same . o : :
at the same time, it is usually inhomogeneously broadened in

light beam configuration and polarization relative to the crys- : -
. nanocrystalline and porous sillicon. We note that the same
tal axes must be preserved in all cgses

3. When vapor-phase epitaxVD) is used, the SiC part of the spectrum suggests the presencdB8C lattice

' : . vibrations withA; symmetry(504 and 508 cm?), and the
films are often produced when there is a considerable EXCER_ i modes are seen against this background

4. The surplus carbon in SiC can be in diamond-like
(sp®) or graphite-like 6p?) configurations. In the first case,
the Raman spectrum contains a band with a maximum at
1330- 1335 cm  whereas in the second case the maximum
is at 1570-1580 cm* and occasionally at 1350 cm.
Other bands are observed in the range 50600 cni?!
(Ref. 6 and are attributed to rings of carbon bonds.

We note that the same region of the Raman spectrum of
SiC contains two-phonon bands of S{C518, 1533, 1543,
1568, and 1616 cm'), which complicates identification
based on Raman spectra of small clusters of carbon that, in
principle, can be present in the film. On the other hand, the
intensity of bands in the two-phonon spectrum is a measure
of the structural imperfection of the SiC lattice and, in this
sense, the spectrum can be a useful source of information.

2. EXPERIMENTAL RESULTS

The Raman spectroscopy was largely confined to detect
containing regions that are readily identified on X-ray topo-
FIG. 2. X-ray topogram of the B0853-7 samp{&01.10 reflection. CKK« grams. In pamCUIar’ we wanted to |Qe_nt|fy the part of the
radiation. Numbers identify portions of the film with different dislocation Raman spectrum that was most sensitive to the above struc-
densitiesNp, . ture effects. On the other hand, it was interesting to establish
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the dislocation density for which distortions of local lattice
symmetry lead to significant deformation of the phonon
spectrum of the crystal.

Figure 4 shows the Raman spectra in the range-1IRD
cm ! recorded at different points on the E0464-11 and
E0464-14 films. The planes of polarization of the incident
and scattered radiation were orthogonal in this case. There is
a well-defined peak in Fig. 4a at 150 chand a small
‘shoulder’ near 142 145 cm . In Fig. 4b, this peak falls to
the level of the ‘shoulder’, suggesting the onset of local
structural disorder. In Fig. 4c, the above band is absent alto-
gether, and in Fig. 4d the spectrum contains three well-
defined bands: 138.5, 148, and 166 ¢mThese results sug-
gest a significant distortion of the lattice at the above points.
Figure 4e shows for comparison the spectrum recorded at a
point with relatively low dislocation density Np<10?
cm ?).

The spectra near the TO- and LO-phonon frequencies
were investigated from the standpoint(@j detection of the
cubic phase and2) the effect of structure defects on the
spectra. Cubic phase inclusions were found to be relatively
unimportant, although they were noticeable at some points
on the samples. As noted above, structure defects have a
greater effect on the amplitude and shape of the LO-phonon
band. Taking the foregoing as our starting point, we recorded
the Raman spectra in this range and determined the ampli-
tude ratioA /Ao and the width of the LO-phonon band
Ahv o (see Table)l At point | on sample B0853-7 with
dislocation densityNy>10° cm™?, the considerable broad-
ening of the LO-phonon band corresponds to an appreciable
reduction in the ratidA o/A1g. At other points, with lower
dislocation density, the ratio is nearer to 0.56. As can be
seen, there is a clear spread in the valilesome cases, the
values are greater than in the case of an undamaged part of 4 !
the sample; this probably requires a special investigafion 120 140 160 180

It is clear from the data shown in Table | that there is Raman shift,cm
only partial correlation between results obtained from the
Raman spectra of LO and TO phonons, on the one hand, and
the distribution of structure defects on the X-ray patterns.
Raman spectra of the above samples were also used to detect
the presence of excess Si in thd-&iC. Bands correspond-
ing to Si inclusions were seen in a humber of these spectra.
Their positions, amplitudes and widths were different at dif-
ferent points on the samples. In some cases, there were even
two or three bands that seemed likely to be associated with
Si—Si vibrations.

Figure 5 shows the spectra recorded for the E0464-14
sample. Tracéa) has three band$21, 525, and 532 cit) ' . _J
that are clearly due to excess Si in different structure con- 40 N 160 ’ 780
figurations. The 510-cit band is due to SiC lattice vibra- Raman shift,cm~
tions. The origin of the 485-cm' band is unclear. , o o

On trace(o, the crystaline S ine predominates over all 7%, . ferer eateing "heces, T posgeatons of e noert, s
other modes. There are also SiC phonon bands: 504 anghich measurements were made — 1, b — 3, e — lowdislocation
507.5 cm 1. The strongest band in the structure of tréce  density.(c,d) — sample E0464-14d — point 7 (Fig. 3).
has its peak at 505.5 ¢m. Excess Si appears to be absent at
this point on the sample. We note that the peaks due to SiC
lattice vibrations that were recorded in this spectral range adlifferent spectra, probably because of the lattice defects as-
different points on the sample are shifted slightly relative tosociated with dislocation clusters.
one another. One of these peaks was found to predominate in Figure 6 shows the region of the two-phonon Raman

Intensity,arb.unils

e

Intensity,arb.unils

f
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TABLE I.

Ng—Na, Ahvig, Np,
Sample cm? Point number cm!  A;g/A;o  cm?
B 0853-7 8 6 0556  ~107
n-layer ~10'° 2 6 0557 ~10°
d=15 um 3 6 0559  ~10*
1 9.9 0321  >1¢f
E 0464-14, 5 6 0.545 18-1¢°
n-layer (3-4)x 10 4 7.6 0.608 ~10°
d=25 um; 3 6.5 0551  ~10*
p-layer ~10%° 7 7.8 0545 ~10°
d=1um 12 7.8 0495 >10°
E 0464-11 3 6.5 0.615 ~10°
n-layer (2-3)x 10 4 6.0 0.836 ~10°
d=25 um
Note. dLayer thickness.
i
a
b

FIG. 5. Raman scattering spectra. The polarizations of the incident an
scattered radiations are parall@d,b,9 - E0464-14 sample, points at which

Intensity,arb.units

480

500

520
Raman shift,cm™7

540

measurements were made— 4, b — 14, ¢ — 12Fig. 3).
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Intensity,arb.units

| ] i
1420 7520 1620

Raman shift,cm™

1320

FIG. 6. Raman scattering spectea— E0464-11 sample, point ¥ig. 1).
(b,c,0 — B0853-7 sample, measurement poify. 2:b—8,c—7,d —
3.

spectrum in which spectral features associated with carbon
inclusions (1326-1620 cm1) could be expected. Trade)
clearly shows the presence of the two-phonon bands of
6H-SiC (1380, 1480, 1518, 1533, 1546, and 1568 ¢in
The spectrum also contains two poorly resolved bdt882
and 1341 cm?) that are probably due to carbon present at
this point in the sample in thep® configuration. The 1590
cm™ ! peak is usually attributed to carbon in the glassy state.
The origin of the 1604-cm! peak is unclear.

Figure 6 also shows the analogous specttbymecorded
for sample B0853-7. The bands of the two-phonon spectrum
here partially overlap, forming a broad band around
1515- 1560 cmi 1. The peak at 1480 cit is weaker than
on trace(a). There are also peaks due to carbon in sipé
andsp? configurations. Two other spectra obtained for the
same sample are also reproduced in Fig. 6. Tfacelearly
shows the bands of the two-phonon spectrum of SiC, with
the 1568 cm?! band much stronger than in the preceding
spectra. There are no clear indications of the presence of
excess Si in this spectrum. Conversely, in spectfdmthe
(tiwo-phonon bands are poorly defined. The 1380-trand
is shifted and is now at 1370 ¢m. It would appear that the
lattice is greatly distorted at this point in the sample. Analo-
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gous measurements were performed at other defect- We wish to thank V. E. Chelnokov for interest and sup-
containing points, which are clearly represented in the X-rayport.
patterns. This research was carried out under an INTAS Grant

In summary, we can say that analysis of all these datdNo. 93-543 and with the partial support of the University of
reveals that there are very considerable variations among thrizona, USA.
Raman acoustic-phonon and two-phonon spectra recorded
for different defect-containing regions with dislocation den-"The maximum published breakdown voltages of such diodes is 4.5 kV,
sitiesNp > 10% cm™2. Indeed, Raman spectra can be used asWwhich, in general, is also much lower than the theoretical limit. In the case
indicators of the presence of macroscopic defects in SiCOf commercially available films, one cannot generally obtain values in
. . L 1 excess of 1.00—1.5 kV or often significantly lower values. Moreover, these
films. A systematic study of these variations W'_”_be NECES- preakdown voltages refer to structures in which the area opthe junc-
sary before the reasons for them can be specifically estabtion is less than %1074 cn?.
lished. 2n order to exclude the laser ‘plasma line’ which was shifted from the main

We note in conclusion that the SiC films grown at Cree line by 530 cm'}, the laser beam was first passed through a dispersive

; : : ; ystem and a final selecting slit.
Research InC.,.WhI(Lh we rr:ave |nvest|gatfdhé)n tTe basis Qﬁ'he difference between the mean value#\gf / Ao obtained for different
Raman Scatte”ng'_ ave t_ e symmetry (_) the polytype. samples can be disregarded because the position of the crystal axes relative
The defect-containing regions of these films are often char-to the polarization vector of the laser beam is arbitrary in each case. Mea-
acterized by distortions of lattice symmetry and disturbed surements at different points on a given sample were carried out for the
interlayer bonding The acoustic phonon region and the two-same configuration of the polarization vector relative to the crystal axes in
. ) - . the (0001 plane.
phon region of the Raman spectrum of SiC are particularly
sensitive to these effect% The behavior _of the relayvely Weak,m dman, J. H. Parker, W. J. Choyke, and L. Patrick, Phys. Rev.
b_ands at 504 and .508 c can'also. provide useful informa- 17 698(1968; Phys. Rev173 787 (1968.
tion. Small inclusions of cubic SiC were present at some?l. S. Gorban’ and V. I. Lugovoi, Zh. Prikl. Spektrosk. XXIV, 333976.
points in the samples that were investigated. Inclusions ofSS-gggkaSh'm& Y. Nakakura, and Z. Inoue, J. Phys. Soc. 5@n359
excess Si and,_ln some cases, of carbon were also detected j " Nakashima and K. Tahara, Phys. Revi® 6339/(1989.
the films. Our investigation has shown that the structure ofsa m panishevskii, V. B. Shuman, A. Yu. Rigachev, and P. A. Ivanov,
the &H-SiC films grown by vapor-phase epitaxy on bulk 6 Fiz. Tekh. Poluprovodn29, 2122 (1995 [Semiconductors29, 1106
H-SiC substrates is subject to some imperfections and thaggﬁga]-v y Diamond and Related Matdr.33 (1991
. N m. V. n mon n . .

further efforts will be necessary to optimize the technology a tong, Liamond and Related Maley
used to grow both films and substrates. Translated by S. Chomet
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Hole boil-off and the magnetoresitance of the semimagnetic semiconductor
Hg,_xMn,Te,_,Se,

N. K. Lerinman, P. D. Mar'yanchuk, A. I. Ponomarev, L. D. Sabirzyanova, and N. G.
Shelushinina

Institute of Metal Physics, Urals Division, Russian Academy Of Sciences, 620219 Ekaterinburg, Russia
(Submitted July 31, 1996; accepted for publication February 25,)1997
Fiz. Tekh. Poluprovodr81, 1198—-12050October 199y

Galvanomagnetic effects were investigated in gapless and narrow-gap semiconductors of the
form Hg; Mn,Te, Se, with x=0.03-0.11,y=0.01-0.10 (- 150<&4<<190) meV

and acceptor concentration %40'°<N,<4.3x 10 cm™3. In magnetic field4H=5—50 kOe

and atT=1.3—4.2 K, the observed hole concentratips 1/e R was found to increase by

a substantial factofof up to 500. This was accompanied by a fall in the longitudinal§ and
transverse 4,,) magnetoresistivities. The hole “boil-off” is assumed to be a consequence

of the existence atl =0 of a bound magnetic polaron and the delocalization of carriers when these
states are destroyed by the external magnetic field. The anomalous ratio of longitudinal-to-
transverse resistivitiespg,> py,), observed at liquid-helium temperatures and in magnetic fields
H>10 kOe, is explained in terms of the properties of the energy spectrum of the valence
band of semimagnetic semiconductors in quantizing magnetic fieldsL9%7 American Institute
of Physics[S1063-782807)01410-3

1. INTRODUCTION typical hole mobilitiesu, at T=1.4 K in magnetic fields

In the semimagnetic semiconductors;HgMn,Te and H=10 kOe, for whichR(H) reaches its maximum value.
Hg,_.Mn,Se, the exchange interaction between free elec- N the nonmagnetic semiconductor HgGdTe, which
trons in thel'g andI'g bands, on the one hand, and localized has the analogous valence-band structure, the overlap of hole
electrons in the unfilledl shell of the MA* ion (s—d and ~ Wave functions at the neighboring acceptors leads, as we
p—d intearctions, respectivelyon the other hand, leads to a know, to the dielectric-metal transitiaiMott transition for
significant rearrangement in the energy spectrum of carriea=Ny=2x10"" cm™® (Ref. 2. The samples which we
in a magnetic field. In a previous papeve reported a study have investigated can be divided into three groups according
of the magnetic and transport properties of the semimagneti® the value ofNy, :

semiconductor Hg_,Mn, Te; _,Se, with p-type conductivity Group I:Npa<Ny, samples 1-3N,<2x 10" cm™3)
in the I'y valence band. Galvanomagnetic properties clearly — Group II: No>Ny, samples 4—9N,~ 10'® cm™3)
display effects due to the—d exchange interaction, namely, Group lll: Ny>Ny, samples 10—-12N,>3

the boil-off of holes in a magnetic field, the associated negax 10*® cm™3)
tive magnetoresistivity effect, and the anomalous ratio of  Figures 1 and 2 show for a few temperatures the longi-
longitudinal-to-transverse magnetoresistivities. In this paperudinal (Ap,,) and transverse Xp,,) magnetoresistivities
we report a more detailed examination of these phenomerend the Hall coefficienR plotted as functions of the mag-
for an extended set of samples. netic fieldH for sample I(see Table )l with the minimum
impurity concentration difference  Np,—Np=5.4
X 10'® cm ™3, The shape of th&(H) curves at liquid-helium
2. EXPERIMENTAL RESULTS temperatures shows that the transport process involves the

We have investigated the longitudinalp,{) and participation of two types of carrier, namely, electrons and

transverse gy,) magnetoresistivities and the Hall coefficient holes. The electron contribution ®(H), observed in low

R of gapless x<0.07) and narrow-gapx(0.07) crystals magnetic fields inp-type semiconductors with gap width
of the little-studied semimagnetic ~ semiconductor€g=>100 meV forT<10 K cannot be due to band carriers.
Hg,_,Mn,Te;_,Se, in a wide range of compositions (0.03 This type of anomalous electron contribution has frequently
<x<0.11,y=0.01-0.10 at T=1.3-300 K and magnetic been seen in Hg ,Cd,Te with x~0.2 (Ref. 2. By analogy
fields H up to 60 kOe. The sample parameters are listed invith Hg; -,Cd,Te, we may assume that the samples that we
Table I. The Mn concentration was determined by measuringxamined contained a continuoostype cluster which lies
the magnetic susceptibilitysee Ref. L The gap widthe,  along the dislocation boundaries and which shunts conduc-
and the Mn concentration of the narrow-gap crystals werdion by thep-type volume at low temperatures in low mag-
also estimated from the intrinsic electron concentration anetic fields® The rise in hole concentration with increasing
T=300 K. The acceptor-donor concentration differencefield (see later and the Lorentz spiralling of the electron
N,—Np was determined from values & in a strong mag- trajectoriegelectron mobilityu,~10*—10° cn?/(V-s)] lead
netic field H=50 kOe) atT=77 K. All the samples under to a change in the sign & in H~10 kOe. AtH>10 kOe,
investigation hadp-type conductivities. Table | also lists for which transport processes are wholly determined by
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TABLE |. Parameters of the test samples,Hg\in,Te, _,Se,.

Groups Samples y X gg, MeV (Na—Np), 10 cm™3 Hp, CNE(V-9)
| 1 0.01 0.095 165 0.54 4500
2 0.05 0.11 190 1.3 2300
3 0.10 0.09 150 1.6 20.50
1l 4 0.01 0.04 —150 13 800
5 0.01 0.04 —-120 9.3 1500
6 0.01 0.05 —100 10 3100
7 0.05 0.08 110 10 4400
8 0.01 0.08 110 13 3800
9 0.01 0.09 150 13 3600
1 10 0.10 31 75
11 0.01 <0.07 <0 41 120
12 0.10 43 50

holes(Figs. 1 and 2 there is a sharp reduction in the Hall have to bear in mind the unusual ratio&p,, to A p,, in the
region of p-type conductivity: p,, becomes significantly

coefficient and in resistivity:Ry./R(50 kOe)=200 and

Pmax/p(50 kOe)=10° at T=1.3 K.
Figures 3 and 4 show the functiods,(H), Ap(H),

impurity concentration differenc,— Np=10'® cm™3. The
overall shape of these graphs is similar to that obtained fowith increasing magnetic field.
sample 1. The difference between them lies exclusively in
the reduction in the Hall coefficient and resistivigy for

H>10 kOe. For

sample 7,

they are much

Rimax/R(50 kOe)y=6, pmax/p(50 kOey=4 atT=1.3 K. It is
clear from Figs. 2 and 4 that at temperatures of 12 K the

Hall coefficientR is positive and practically independent of

H. When we analyze the functiosp,,(H)) and Ap,(H)
for the samples under investigatigsee Figs. 1 and)3we

80

70

Af/ Po

1
S e
—
—
———
e

T ! ! !
Jo 40 50
H, kOe

FIG. 1. Longitudinal(1,3) and transvers€2,4) magnetoresistivitiea p/p,
as functions of the magnetic field for sample 1(see Table ) at the
following temperaturesin K): 1,2—1.6, 3,4—4.2.
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greater tharp,, for T<4.2 K andH=5 kOe.
For highly-doped crystals witiNy,—Np~3x10'®—4

and R(H) for the narrow-gap sample 7 with intermediate X 10'® cm™3, the behavior of the transport coefficients at low

temperatures is entirely determined by holes, and varies little

lower: 3. DISCUSSION OF EXPERIMENTAL RESULTS

a. The hole boil-off effecfThe substantial reduction in
R(H) for H>5-10 kOe is naturally related to the increase

in the concentration of valence holes with increasing mag-

netic field. The hole boil-off, which is the inverse of the

14

A

FIG. 2. Hall coefficient plotted as a function of the magnetic field in sample
1 at the following temperaturggn K): 1—1.6,2—4.2,3—12.
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FIG. 3. Longitudinal(1,3 and transvers€2,4) magnetoresistivitied p/pg . . o
as functions of the magnetic fiel for sample 7 at the following tempera- FIG. 4 Hall coefficient asa function of the magnetic field in sample 7 at the
tures(in K): 1,2—1.3,3,4—4.2. following temperaturesin K): 1—1.3,2—4.2,3—10.

freeze-oeut, had previously been observed i_n narrovﬁ-gap_ B=—(1/6)Ny(S,) 3
gaples3® crystals of p-type HgMnTe and is explained in )
terms of a reduction in the acceptor activation enéayyby IS the exchange term added to the hole energy inltge
the destruction of the states of the bound magnetic pofarorPand. The quantity(S,) is the mean value of the

in a magnetic field. z-component of the spin of the Mn iorzl(H) andNgg is the
Figure 5 show(H) for samples 1 and 2 at=1.6 K. exchange integral. In low enough magntic fields,
It is clear that, up tdH~20 kOe, the observed dependence (S+1)gunusH
can be described by the expressiptH)~exp Ea(H)/KT], ($)=% TEK(T+Ty (4)
where 0
0 whereS=5/2, gu,= 2, ug is the Bohr magnetor, and T,
Ea(H)=Ep—7H @) are the effective parameters describing the exchange interac-
with E3=1.5 meV, y=2.9x10"2 meV/kOe for sample 1 tion between the Mn spins, andis given by
and E2=_2 mth y=4.8><19 2 meV/kOe for ;ample 2.. Ex- 1 So(S+ 1) gunits
trapolating the linear function td =0, we obtain an estimate vin=a = XNgfB

— - 5)
for the hole concentration in the absence of the magnetic 6 3k(T+To)
field: at T=16K, we found that p(H=0)=1.1 UsingNyB8=1.4 eV, S=1.02,T;=9.9 K (the same as for
X 10 cm™3 for sample 1 andp(H=0)=3.8x10%cm2  Hg,_,)Mn,Te withx=0.1; Ref. 10, andT=1.6 K, we find
for sample 2. The same figure shows,,=1/p,, and thaty;,=0.25¢ meV/kOe. Comparison of;, with the mea-
o, =1lpy, as functions oH for sample 2 aff=1.6 K (the  sured values of yields «=0.12— 0.2, which is significantly
results for sample 1 are similait is clear that the plots of lower than the theoretical value=0.75 for Hg _,Mn,Te
o,{H) and o, (H) also have activation-type portions for with x~0.1 (Ref. 9.
H<20 kOe. Comparison gb(H) with o,(H) ando, (H) It is clear that the isolated acceptor model does lead to a
leads to the conclusion that the observed rapid fall in resissatisfactory description of the hole boil-off. We also note
tance forH>5 kOe at liquid-helium temperaturéfigs. 1  that the value of the activation energy found fair=0,
and 3 is largely due to the hole boil-off. namely,E2= 1.5—-2 meV is substantially lower than the the-
We now comparél) with the theoretical result that pre- oretical estimate of the binding energy of the isolated accep-
dicts a reduction in the activation energy in a magnetic fieldor, E2=6 meV (Ref. 9. Values ong close to this figure
and is valid for wide-gap semiconductars: were actually observed for HgCdTe, but only for
0 Nao<10¥cm 3 (Ref. 11. The weak doping condition
Ea=Ea—aB, @ N,<N,, is not satisfied b I
A<<Npy y our samples, not even for
where samples 1-3 with the lowest impurity concentrations. For
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FIG. 5. Hall concentratiop as a function of the magnetic field at T=1.6 K for samples 1 and 2. The inset shows the transv@sand longitudinal(4)
conductivitieso, = 1/py, (3) and o,,= 1/p,, as functions of the magnetic field for sample 2Tat 1.6 K.
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FIG. 6. Hole concentratiop as a function of the magnetic field at T=1.4—1.7 K. The labels on the curves correspond to the sample numbers
(see Table)l
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intermediate dopant concentrationg,<N,,, the overlap of TABLE Il. Hole boil-off in the range 18<H=<50 kOe for different sample
the wave functions of neighboring acceptors cannot be ne’©uPs:
glected and the observed activation energy can be substan- (No—Np)

tially lower thanEs. Sample X 107em 2 RyadR (50 k0@
Figure 6 showg(H) for H>10 kOe atT=1.4-1.7 K

A T U Hg, - Mn,Te;_,Sg, 0.09-0.11 0.5-1.5 200-500
for samples 4—_9 WithN ,~ 10 cm-*. It is clear that these Ha, _.Mn, Te 0.05-0.07 12 10-20
samples also display an appreciable dependence of hole COfg,  Mn,Te, ,Sg  0.03-0.095 9-13 35
centration orH, although the dependence is weaker than foHg, _Mn,Te,_,Se, <0.07 30-40 1

samples 1 and 2. Fdd,>N,,, when the bound state of a . , _ : _

hole- and an acceptor, maintained by the Coulomb inerach® T 122 1 et coimn were tianeciat 11 B
tion, is absent, the rise ip(H) cannot be explained by a yoe.

reduction in the initial activation energy. It therefore seems

necessary to use the idea of a bound magnetic pofaron,

which is understood to be the bound state of a hole in ao an increase by an order of magnitude in the concentration
semimagnetic semiconductor, formed as result ofgiked  of the Mott transition as compared with a nonmagnetic semi-
exchange interaction between hole on an acceptor and thmwnductor. We also note that the observed significant differ-
surrounding Mn ion spin&.The addition of the magnetic ence between the values Bf,.,/R(50 kOe) for the HgMn-
(exchangginteraction to the electrostatic interaction can es-TeSe and HgMnTeSe samples with a similar value
tablish the necessary conditions for the localization of carriN,~ 10" cm™2 (first and second rows in Table)lls most

ers even foN,>Ny, . Polaron effects may play a significant likely to be due to the natural enhancement of the hole boil-
(and even the determinihgole in the case of samples with off with increasingx, i.e., with increasing exchange term
MA<NM (samples 1-B Actually, estimates of the polaron that must be added to the hole energy.

contribution to the binding energy of an isolated acceptor, b. Anomalous anisotropy of magnetoresistivitye
based on the Dielt-Spalek the8ryor our samples with know that in semiconductors with a spherically symmetric
x~0.1 atT=1.6 K giveAE,~4 meV, which is comparable band and isotropic scattering, the longitudinal magnetoresis-
with the Coulomb binding energy of the isolated acceptortivity is independent of the magnetic field in the classical
E2=6 meV. range of magnetic fields. In the region of quantizing fields,

The p—d exchange ensures that the polarization of thep,, depends o, but for ordinary semiconductors, the ratio
Mn spin cloud(within the Bohr radius (S,) e, iS NONzero  p,./ pxx is always less than one, both for the short-range and
even forH =0, where the long-range order is absent throughthe long-range impurity potentidf. In the semimagnetic
out the spin subsystem$,(=0). All the Mn spins become semiconductor HgMnTe, the reverse situation is observed in
polarized when the external magnetic field is turned on, an@ broad range of magnetic fields, namely, the longitudinal
this leads to an increase {i,) and a reduction in the dif- magnetoresistivity becomes greater by a substantial factor
ference(S,) —(S,)0c, I.€., @ gradual breakup of the states ofthan  the  transverse  magnetoresistitity. In  the
the bound magnetic polaron. The carrier delocalization proHg;-xMn,Te;_,Sg, samples that we have investigated we
cess during the breakup of the polaron states in the magnetigve found anomalous anisotropy of magnetoresistivity: it is
field finally leads to the hole boil-off. clear from Fig. 7 that forH>10 kOe, the resisitivityp,,

In samples withN,>3x 10" cm 3 (samples 10-12 becomes greater tham,,, and the ratiop,,/p,, increases
the overlap of wave functions on neighboring acceptors isignificantly with increasingd and the concentratior of
considerable enough to ensure that localization due to eXMn, and also with decreasing temperature, beginning with
change defects does not occur and the hole concentration Yélues of the order of 10.
independent of both the magnetic field and temperature. The exchang@—d interaction in a magnetic field gives

Thus, measurements on samples of the semimagnetitse to the Zeeman splitting of the fourfold degenerkte
conductorp-HgMnTeSe in a broad range of acceptor con-State into subbands with total angular momentum compo-
centrationsN,, have shown that the increase in the concennentsJ,= +1/2 and=+3.2 (Ref. 13. The position of the top
tration p during hole boil-off in a magnetic field becomes Of each of these subbands relative to the top ofltgedand
more significant with decreasing ratio of the concentration ofor H=0 corresponds to energies=+B and =3B, where
acceptors to the concentratioNs, for the Mott transition in ~ the exchange parametBris given by(3). Since >0 and,
the nonmagnetic semiconductor. This emperical result i§onsequentlyB<0, the uppermost band is the valence band
shown in Table Il which also includes our data for eightWith J,= —3/2, whose dispersion relation near the pdins
gapless samples of HgMnTe wiM ,=107-2x 10 cm™2  (HII2)

(Ref 6) h2

If we assume that whep is independent oH and T, e _ga(k)= Y <m+m
there is complete delocalization of holes, we may assume ' h
that the dielectric-metal transition occurs in the semimagwherem, and m,, are the masses of light and heavy holes,
netic semiconductor that we have investigated forrespectively, and, is the component of the wave vector at
Na=N¥>3x10¥ cm™3 The effect of the exchange inter- right angles to the magnetic field. Sinog<m,, the isoen-
action between holes and the spin subsystem of thé"Mn ergy surface is an ellipsoid of revolution with its long axis
ions leads to the enhancement of the localization effects analong the magnetic field.

2

R
L mh

1
—3B, (6)
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electron cyclotron frequency, anlis the Lattinger param-
a 4 eter defining the magnitude of tlgefactor of carriers in the
I'g band in the absence of exchange effects.

It follows from (6) and (7) and from the form of the
wave functiod” that the levelb_, is the first Landau level
detached from the band_5,(k). It is clear from(7) that the
] ] \ I . dependence of the energy, (k) on the componenk, is
parabolic and is determined by the effective heavy-hole mass
my. Numerical calculations performed for gaptfssnd
narrow-gap’ semiconductors HgMnTe show that the energy
gap Ae between the top of the subbabd ; and the top of
the nearest subbaral_ ; is of the order ofB, i.e., Ae~B.

The gaps between the tops of the next Landau subbands
(a_q, by, by, etc) are much smaller and decrease with in-
creasing subband number, remaining of the order of the
heavy-hole cyclotron energhyw;, (w,=eH/myc). For typi-

cal values of the HgMnTe parametetsw,<B in a broad
range of magnetic fields, so that the valence-band spectrum
of a semimagnetic semiconductor in quantizing magnetic
field is rather unusual: the uppermost lewel; breaks off
from the set of levels that lie nearby.

For this type of spectrum, the wave function describing a
& o1 hole acceptor in a magnetic field is also found to change in
_2 an unusual way: the wave-function radaisin the direction
perpendicular tdH increases with increasing fielddn the
region of hopping over impurities, the increase in the overlap
1 of acceptor wave function with increasittg) can lead to a
2 reduction in resistance. Its effect is a maximum for trans-
verse and a minimum for longitudinal magnetoresistances,
respectively. This reduction ip,,(H) and p,(H) for the

/7 anomalous ratio of these two quantititgs, £ p,,) has been
/ / seen experimentally in compensated narrow-gap samples of
.7 HgMnTe in the region of hopping conductiri:*® The au-
£ L . 1 ) thors of Ref. 19 also associate the giant negative magnetore-
10 ZOH kgg “0 0 sistance, observed in strong magnetic fields
’ 100<H <400 kOe in HgMnTeSe as the impurity conductiv-
FIG. 7. The ratiop,,/py plotted as a function of the magnetic fiett for ity increases, with increasing overlap of the acceptor wave

the following samplegsee Table): a—No. 5 withx=0.05(1,2) and No. 7 functions in the magnetic field.

[N

T
LT S X

X

~

fzz/ﬂz‘z
I S I T T N I T RS

~\

with x=0.08(1",2") at the following temperaturegin K): 1,1'—1.4, We assume that the conductivity of the samples that we
2,2—4.2,; b—No. 3 withx=0.09 at the following temperature$—1,8,  have investigated is due to band carriers. Actually, the hole
2—4.2,; c—No. 1 withx=0.095 at the following temperaturés K): 1— mobility at 1.4—17 K is relatively high and its order of mag-

1.6,2—4.2. Dashed curves shaowy,/p,, calculated from(9) using empiri-

cal p(H). nitude is in agreement with estimates based on the Brooks-

Herring formula. For the crystals that we have investigated,
100<|e4|=200 meV, estimates of the light-hole mass give
0.0Imy=m;=0.02m,. According to (6), the anisotropic

In narrow-gap and gapless semimagnetic semiconduanass in the valence banrd. 5,(k) is 3m/4m,= 15— 30 for
tors with low effective light-hole masst(~|e4|), we also  m,=0.4m,.
must take into account the direct effect of the magnetic field In the case of valence-band conductivity of gapless or
on the orbital motion of carrierd andau quantization* For  narrow-gap semimagnetic semiconductors, the quantum limit
the usual parameter values, the highest Landau level in thg reached foH =H,, when there is only the single Landau
valance band in the gapless and narrow-gap HgMnTe is thievel b_, above the Fermi level, i.esc<Ae . WhenAe~B

levelb_, (in the Pidgeon—Brown notatidf, whose energy  andB> hw,,, the quantum limit can be reached if the fol-

can be written in the following analytic form: lowing condition is satisfied:
ﬁwi 3 ﬁzkg 8,:(H)>ﬁwh. (8)
fo-17 75 +Ekhwo_’“?’B_th : (M We assume that it is precisely this unusual ratio of the

kinetic-to-cyclotron energies of holes in the quantum limit
where w, is the cyclotron frequency corresponding to thethat gives rise to the anisotropy in the magnetoresistivity
effective transverse mass, ~(4/3)m,, w, is the free- which we have observeédActually, it was shown in Ref. 12
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that, in a degenerate electron gas, the following relation is It is important to note that, within the framework of the
valid in the quantum limit for scattering by point defects: model involving the bound magnetic polaron, the increase in

H hole concentration in the magnetic field occurs precisely be-
Pzz ep(H) e
o e (9)  cause of the detachmefand upward shift in energyof the
XX ° band b_;. On the other hand, the anomalous ratio of
wherew=eH/mc s the cyclotron frequency, longitudinal-to-transverse magnetoresistivities is observed
er(H)=27*%2\*p%/m (10 only in the quantum limit, i.e., when the conductivity is due

to carriers in the bantl_,. The observed hole boil-off and
éanomalous anisotropy of magnetoresistivity are closely inter-

. . . . connected. They have a common cause, namely, the unusual
the expression given bg10) contain the effective mass ‘ f th ¢ Landau levels in th . .
corresponding to the motion of carriers in thalirection; orm of the spectrum of Landau levels in the semimagnetic

i.e., in our casen=m, [see(7)]. As a result, the ratio given Sémiconductors that we have investigated.
by (9) ensures thap,,>p,, when(8) is taken into account.
The enhancement of the effect with increasigH and
decreasingT is naturally explained by an increase in the
magnetization(S,) of the subsystem of ions M and, as a
consequence, an increase in the exchange ®rthat is UChernovtsy State University, 274012 Chernovtsy, Ukraine
added to the hole energy.
Using(10) for e(H) in the quantum limit, we find from
(9) that

pZZ/pXX:8774)\6p2~p2/H3' (12) 1K. R. Krylov, N. K. Lerinman, L. D. Sabirzyanova, N. G. Shelushinina,
The observed behavior @fzz/Pxx with varyingH is in quali- N. P. Gavaleshkq, and P. D. Mar'yanchuk, Fiz. Tekh. Poluprov@an.
tative agreement wittiL1). In particular, it is clear from Figs. 2|13,32(Tlg,’j,‘l?k[seﬁ?_'cg”dluﬁorgs' 773%99@4]% shinine. Adv. Ph
7b and 7c that the ratip,,/ p, increases in the region of the ('1955' ovskll, G. 1. Harus, and N. G. Shelushinina, Adv. Phi,
rapid rise in the hole concentration, but in the region of thes, | E”Zé'lrov‘ V. I. Ivanov-Omskii, A. A. Korniyash, and V. I. Petrikov,
slow variation int(H) for H>30—40 kOe, the value of the ;. Tekh. Poluprovodni8, 201 (1984 [Sov. Phys. Semicond.8, 125
ratio p,,/pyy reaches saturation or may even fall. Another (1984].
important point is that values of the ratig,/py calculated  *J. K. Furdyna, J. Vac. Sci. Techn@7, 220 (1982.
from the simple expression given t(y]_) are close to the 5A. V. Germanenko, L. P. Zverev, V. V. Kruzhaev, G. M. Min’kov, and

experimentally observed values. O. E. Rut, Fiz. Tekh. Poluprovod27, 1857(1995.
8N. G. Gluzman, A. B. Davydov, K. R. Krylov, N. K. Lerinman, B. B.

Ponikarov, A. I. Ponomarov, L. D. Sabirzyanova, I. M. Tsidil'’kovskii,
N. G. Shelushinina, I. N. Gorbatyuk, and I. M. Rarenko, Fiz. Tekh. Polu-
provodn.20, 1970(1986 [Sov. Phys. Semicon@0, 1237(1986)].

We have used gapless and narrow_gap Semlconductor@ Myci.elski, ir?Proceedings InFernationaI Conference on ngh Magnetic
HglianxTelin% with x=0.03-0.11 (_ 150<8g 8F|eId§ in Semiconductor PhysjcSrenoble, 1982, p. 431.
<190)meV and acceptor concentrations Y5MI<N, 9} Ia'et! "’Imlg J- %F.’Ia'e';’ ;hys' Rev. 28, .1543(19836 by 3. K. Furd
<4.3x10'® cm 3 to carry out a detailed investigation of the e dr oo e

and J. Kossut, Academic Press, N.¥1988.
effects due to influence of the exchange-d interaction, 1w, pobrowolski, M. von Ortenberg, A. M. Sandauer, R. R. Galazka,
which are typical forp-type semimagnetic semiconductors. A. Mycielski, and R. Pauthenet, iroceedings 4th International Confer-
These effects include hole boil-off in a magnetic field and ence on Physics of Narrow Gap Semicondugtbisz, 1981, p. 302.
the anomalous anisotropy of magnetoresistivity. We assumedA- V- Germanenko, V. V. Kruzhaev, G. M. Min'kov, and O. E. Rut, Fiz.
that the rise in hole concentration with increasign these (Tlegk:é]Po'”prOVOd”'zz' 992 (1988 [Sov. Phys. Semicond22, 626
samples is a consequence of the existenckl _%110'of the 12 Adams and T. Holstein, J. Phys. Chem. Solis254 (1959
bound-polaron states and the gradual delocalization of carris; A Gaj, J. Ginter, and R. R. Galazka, Phys. Status SoliioB655
ers when these states are broken up by the magnetic field. Onig7s.
the other hand, the unusual ratio of the longitudinal-to-*G. Bastard, C. Rigaux, Y. Guldner, J. Mycielski, and A. A. Mycielski,
transverse magnetoresistivitiep,,> pyy, iS essentially a 1sJ' de Phys39, 87(1978.
consequence of the anisotrofiielative to the direction of ~CR- Pidgeon and R. N. Brown, Phys. Raw6 575(1966. _
the magnetic fiel):i form of the isoenergy surfaces in the M. Dobrowolska, W. Dobrowolski, R. R. Galazka, and J. Kossut, Solid
. . State Commun30, 25 (1979.

uppermost valence banel 5k, which is detached by the L. P. Zverev, V. V. Kruzhaev, G. M. Min’kov, O. E. Rut, N. P.
exchangep—d interaction from thel'g band when Landau  Gavaleshko, and V. M. Frasunik, Fiz. Tverd. T&@ 2943(1984 [Sov.
quantization in semiconductors with loji,| is taken into Phys. Solid Stat@6, 1778(1984].
account. The substantial detachment of the uppermost LanJ. R. Anderson, W. B. Johnson, and D. R. Stone, J. Vac. Sci. Téchn.
dau levelb_; from the other states in the valence band is due,,1761(1983. ) , o
to the small transverse effective mass of the bang,(k) \Ff' IA' Kul b;c;gnzsggfl.g% Mgr ya.ncmék' anc;g %glﬂ’lgv, Fiz. Tekh.
and the large value of the terBithat is added to the energy ouprovodns (1999 [Semiconductorgs, (1995

on thel'g band. Translated by S. Chomet

and\ = (cos h/eH)2is the magnetic length. We emphasize
that, according to Ref. 12, both the cyclotron frequency an

4. CONCLUSIONS
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Effect of infrared laser radiation on the structure and electrophysical properties of
undoped single-crystal InAs
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Substantial changes have been found in the electrical properties and structural parameters of single-
crystal InAs after exposure to infrared laser radiation with photon energy less than the

energy gap of InAs and power density<50 W/cn?t. The changes are due to the transformation

and redistribution of intrinsic point defects in the field of the laser electromagnetic field.

© 1997 American Institute of Physid$S1063-782807)01510-X

1. INTRODUCTION ward the excess of As atoms or the metal component, and

One of the effective ways of controlling a semiconductorhad p- andn-type conductivity, respectively.

is to expose it to laser radiation which modifies its surface

properties fo>Eg) (Ref. ) or bulk properties § w<E,) 3. RESULTS AND DISCUSSION

(Ref. 2, depending on the ratio of the laser photon energy .

h to the energy gafE,. However, despite many attemps, Samples cut from a single-crystal bulk plate were found

the mechanism responsible for the interaction between lasd? have d|f_fere_nt types of conductivity at _77 K'_ The carrier
radiation and crystals has not yet been fully elucidated. w&oncentration im-type samples was practically independent

have therefore undertaken an investigation of Iaser-Of temperature down to the region of instrinsic conduction.

stimulated ¢ w<Eg) transformation of structural and elec- At low temperatures, the degree of concentration was prob-

trical properties of InAs crystals with a narrow homogeneity2P!y détermined by electroactive intrinsic defects, lying deep
interval and a narrow energy gap. in the conduction band, so that they were not seen in the

temperature dependence of the Hall consiptor the con-
ductivity o. Samples of the second type, whose conductivity
2. EXPERIMENTAL METHOD at 77 K waso;;=0.25¢10"* Oom ! cm™?, had Ry(T)

We used continuous GC@aser radiation with typical for p-typical samples, i. e., the conduction type is
#0=0.0018 eV. The transport coefficients were measurednverted as the temperature is increaséa-@40—-250 K).
by standard methods and the stoichiometry of the samplesor n-type conduction, the behavior of the Hall coefficient
was monitored by X-ray diffraction methods, using quasi-Ru(T) is the same as in the first case.
forbidden reflections.This method is sensitive to changesin ~ The samples were then exposed to the laser radiation
the sample and, if the intensity of the diffracted X-rays can(fiw=0.118 eV,E;=0.35 eV, fiw<Egy) . For low power
be measured to better than 0.3%, it can be used to monitétensities W1=10 Wcnf), the measured concentration of
changes in composition at the level of 'iacm™3. The  electrons in type-1 samples decreases slightly with exposure

change in the integrated intensityR, is related to the time. An increase in the power density ¥,=20 W/cn?
change in the concentratian by produces an appreciable rise in carrier concentration for a

shorter exposure time as compared with. Further expo-
AR; /Ri=k(Cin=Cas), () sure under the same conditions leads to a monotonic reduc-
where the constark depends on the type of reflection and tion in electron concentration to below the initial lev&ig.
the form of radiation. Calculations show that fGuKal 1). The carrier mobility afT=77 K was found to increase
radiation and th€222) reflection, the difference,,—cas can  during the exposure of the crystals to the laser radiation, and
be detected at the level of X210 . The change in the eventually exceeded the initial value by a factor of 2.
relative volume fraction of the distorted lattice;, was de- X-ray studies suggest that all this is accompanied by a
termined by measuring the increase in the integrated intershange in the distribution of InAs atoms in the lattice. The
sity due to the diffuse component of scattering by distortiongntegrated intensityr; at first decreases from its initial value
in the (333 reflection, using the formuta corresponding to a surplus of In atoms. This continues al-
R.=(1—pg)Ro+ poR @ m_ost_down t_o the stoichiomgtric val(Eig. 2), but then rises
e Po)Rp™ Pork» with increasing power density/, to a level greater than the
whereRcRp ,Rk are the integrated intensities, respectively,initial value. Continuing exposure wit/,= const leads to a
measured and calculated from the dynamic and kinematiceduction inR; below the level corresponding to the stoichio-
models of scattering. metric value(excess Ah
We investigated undoped single-crystal InAs. The In p-type crystals, the low power density;=15
samples were cut from a single ingot and were polished anw/cn? does not induce appreciable changes at room tem-
etched in order to remove the surface layer. The crystals hagerature, whereas at 77 K the hole concentration at first in-
near-stoichiometric composition with a slight tendency to-creases with time, but then tends to satuf&ig. 3). As the
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FIG. 1. Ratio of Hall coefficient®, /Ry as a function of exposure to the
infrared radiation for InAs samples with excessRy.is the Hall coefficient
prior to exposure.

power density increased\(; <W,), the hole concentration
rises rapidly in a timet=30 min, followed by a fall with
increasing exposure time. When the power density is ther.
increased tdN,=25 chmz' the samples undergo a transi- FIG. 3. Carrier concentration as a function of exposure time for InAs
tion to the state witm-type conductivity and anomalously samples with excess As at the following temperatiies): 1—300, 2—

high mobility at 77 Ku,7=6x10° cn?/(V -s) (Fig. 4). How-  77. Power densitie8N/cn?):W; =15, W,= 25, W;=40, W,=4

ever, this is an unstable state and the samples return to the

state with p-type conductivity over a period of two days. ) o ) )
Continuing illumination with the same power density pro- ration at 77 K-and at 300 K again increases, as it does in the
duces a reduction in the hole concentration and, after a cef@se Of crystals with initiain-type conductivity [Fig. 1,

tain inverval of time, the crystals assume theype state t= -5 N and Fig. 3t=9 (h)] but at higher values ofV and
throughout the temperature range that was investigated. The

concentration of carriers with the characteristic temperature

dependence is close to the electron concentratiom-type
crystals in the original statgrior to illumination. After this
transition, the crystal becomes stable and there are no
changes in the electron concentration or their mobility as
illumination continues withW= const. However, when the
power density is stepped up W5;=40 V/cn?, the concen-
z |—
8- W, | w | W, =const |
| | >0’
| I <
I | <
I | 5
| e
|
I
|
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I
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FIG. 4. Temperature dependence of electron mobility in InAs crystals:

calculated for the case of scattering by lattice vibratd@rystal experi-

FIG. 2. Integrated reflection intensiB; of quasi-forbidden(222) reflection ments: 2—initial crystal with excess of In3—-5—excess of As. Measure-
as a function of exposure time for InAs samplés-excess In2—excess  ments on n-type regions: 3—unstable, 4—stable, 5—simultaneous

As. application of constant electric field and laser radiation.
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FIG. 6. Relative volume fraction of distorted lattice as a function of expo-
35 sure time for InAs samples with excess In.

*
- ssgseee -orOO'

0 " 7,2‘(” 0 (Fig. 4). This state is not observed in crystals with excess In.

It is clear from Fig. 4 that the electron mobility in the origi-
FIG. 5. Temperature dependence of carrier concentration for InAs sample$ial samples is not very high because the best InAs crystals,
l.—hInAs samp:e with excess of |'tnhaftterbf:l&x 1t3-h0ur ggpotsﬁielnﬁ:_s rsatlm%e grown by the Czochralski method, had mobilities reaching
e e o e Sy #r7=5x10' cmV-9) at liquidntiogen temperatures.
min), 3—InAs sample with excess As in a region with stabkeype con-  Naturally, the greater the concentration of clusters of intrin-
ductivity under the simultaneous application of the electric field and lase/SIC components or impurities, the lower the electron
radiation(the solid curve is theoretical mobility.2° Figure 6 shows the relative volume fraction of
lattice distortions as a function of the exposure time. It is
clear that the quantitp, monotonically decreases with ex-
longer exposure. The power density is then substantially reposure time, indicating a reduction in the volume fraction of
duced tow,=4 W/cn?, and a constant electric fiel<0.1  large-scale inhomogenities in the crystal. This result is in
V/cm is applied to the sample parallel to the electric vectoragreement with the measured stoichiomesgreading of co-
in the laser wave. It was shown in Ref. 6 that the laseragulated intrinsic components during exposure leads to a
stimulated changes in the lattice in this case occur muckhange in state of the atoms in the latiiead also with the
more rapidly and, moreover, a directed migration of intrinsicincrease in carrier mobility with increasing dose of radiation.
and impurity components occurs with increasing exposure tdVe note, however that this mechanism is hardly the domi-
the simultaneous action of the fields. In InAs, the electrornant one in the unstable phaserstype conductivity, where
concentration begins to fall in the presence of these fieldfor relatively high volume fraction of distortions the mobility
(Fig. 5. at T=77 K reaches values that are actually restricted by the
The results of these experiments can be explained biheoretical limit for scattering by lattice vibrations under the
assuming that the changes in the crystal are not thermal, biltumination (Fig. 4, curve 1). Interestingly, when
are related to the laser-stimulated tranformations in the set df,~n;;=2x10'® cm 3, the mobility should not exceed
intrinsic point defects. pu77=7.5x10* cm?/(V-s) (when scattering by ionizing im-
As in other semiconducting compounds such as GaAspurities and lattice vibrations is taken into accqumthere
PbSnTe, and PbSnSRefs. 6 and ¥, the laser-stimulated N, is the concentration of ionized impurities. The measured
transformations of InAs occur in both sub-lattices, but atmobility is higher than this value by an order of magnitude.
different rates. The metal component usually reacts more ac- A possible reason for this behavior @{T) is the order-
tively to a change in the laser power density than to changei$ig of the set of charged scattering centers in the field of the
in the dose, which is in fact confirmed experimentally. laser radiation, due to Coulomb repulsion and the formation
The same mechanism for laser transformation of defectsf corrrelated mixed-valence point defetisThis ordering
is typical for samples with excess As. The particular form ofof scattering centers requires concentrations of not less than
the functionRy(T) that is observed only when the electric 5x 10 cm™3, which is feasible in compensated semicon-
field and the laser radiation are applied to In&sg. 5 is  ductors with low point-defect formation energies, e.g., lll-V
unusual and may be connected with a resonance level in th®mpounds. We note again that this situation occurs only in
conduction band that transfers electrons to this band whethe case of laser-stimulated inversion frgmto n-type con-
the temperature is reduced. By analyzing the fornRg{T) ductivity, followed by a transition to the stabfetype.
we were able to calculate the position of this hypothetical  The carrier mobility in crystals with stable-type con-
level on the assumption that the donor level was formed byluctivity is somewhat lower than the mobility observed in
the s-type wave functions: samples with excess In after exposure to laser radiation. This
_ suggests a higher concentration of scattering centers in
Ea(T)=Ea(0) =T, samples with excess As. ;
where E4(0)=0.057+0.005 eV anda=(2.0+0.2)x10 * Moreover, it is clear from Fig. 4 that, as the power den-
eV/K. As already noted, when the crystals with excess As isity increases, the initial rise in the electron concentration is
illuminated by laser radiation, there is a characteristic regioraccompanied by a reduction in mobility. However, the char-
with n-type conductivity and an anomalously high mobility acter of the temperature dependence remains nearly the
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same. It is important to emphasize the change in the mobilityalue necessary for thermal damage to the crystal, can be
w(T) throughout the temperature range when the laser radiatsed to vary the electrical and structural properties of InAs as
tion with power density reduced by an order magnitude andh result of the redistribution of electrically neutral intrinsic
weak electric field are applied togeth@ig. 4, curveb). In - components in the field of the laser wave.

this case the mobility increases with temperature, then ‘ _

reaches a maximum, and finally falls. This shows that therelp- K. Kashkarov, V. I. Petrov, and D. V. Ptitsyn, Fiz. Tekh. Poluprovodn.

. h in th ’ tteri hani t | t 23, 2080(1989 [Sov. Phys. Semicon@3, 1287(1989].

I5 & change In the scaitering mec an_lsm not only at loWzg ‘¢ sizov and s. V. Plyatsko, J. Cryst. Grové® 571 (1988.
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for T<130 K by scattering by ionized impurities that are SPDVOI‘_’Ogr;a igbﬁiilélfpa[ Sgg’%('jlg% Semicond.9, 816 (1983).
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Effect of superstoichiometric components on the spectral and kinetic characteristics of
the luminescence of ZnSe crystals with isovalent impurities

O. V. Vakulenko, V. N. Kravchenko, V. D. Ryzhikov, V. I. Silin, and N. G. Starzhinskii

Physics Department, Taras Shevchenko Kiev University, 252127 Kiev, Ukraine
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Fiz. Tekh. Poluprovodr3l, 1211-12150October 199y

The spectral and kinetic parameters of the X-ray luminescence of ZnSe crystals doped with Zn,
Se, and Te were investigated during the growth process at temperatures in the range

80-500 K, and also after annealing in Zn vapor. ZnSe crystals grown from a stoichiometric
mixture, or mixture containing chalcogenide impurities, typically produce the minimum level of
afterglow and a rapid rise of X-ray luminescence, as well as a shift of its peak from the

infrared region toward shorter wavelengths after annealing in zinc. ZnSe crystals grown from
material with excess of Zn have a relatively low X-ray luminescence yield and a

substantial level of afterglow. It is assumed that the growth of Te-activated crystals is accompanied
by the development of thermally stable complexes of the fukTes that act as radiative
recombination centers. The introduction of excess Zn into the initial mixture produces a reduction
in the concentration o¥, and, hence, in the concentration of radiative recombination

centers. It is shown that, for free-electron concentratiors 0™ cm™3, the afterglow time

constantr can be described as a functionroby a model of radiative recombination that involves

a single impurity level, whereas for>10'® cm™3, the time constant decreases with

increasingn, which cannot be explained in terms of the simple model. It is suggested that
radiative recombination centers of a new type are produced as a result of prolonged annealing in
Zn vapor. © 1997 American Institute of Physid$§1063-78207)01610-4

The optical and electrical properties of zine selenidewas no more than IG0% by weight. The concentration of
crystals can in many ways be determined by the type anthe Te activator in these crystals and also the excess of zinc
concentration of intrinsic lattice point defedi®Ds) even in  and selenium, is given in Table I.
the presence of extraneous impuritté3Vays of controlling The luminescence spectral characteristics were investi-
the luminescence properties of zinc selenide by introducingated using the KSVU-23 measuring and computing system.
the isovalent Te impurity, which produces mixtures with The crystals were excited by the REIS-I X-ray source. Lu-
much better properties that those of traditional phosphorsminescence kinetics was investigated with a dedicated mea-
were discussed from theoretical and experimental points o§uring and computing systehithe RAPAN-160/200 source
view >~ Since the ensemble of IPDs has a determining in{tungsten anode, 160—200 kV, 0.1-0.5 mtfyp=2 sed
fluence on scintiliation processes, it is interesting to investiwas used in measurments of the afterglow leyeblnd the
gate the effect of excess intrinsic componef@s, Se, T¢  emission time constant was measured under excitation by
that are introduced during the synthesis of the original methe MIRA-2D X-ray sourceghv<200 kV, t;yp<10 mseg.
dium from which the crystals are grown, and the mechanisnThe afterglow level was determined as the ratio of lumines-
responsible for their luminescence. cence intensity (T) at timet=10 msec(after excitation to
its maximum valuel, multiplied by 100%. The afterglow
time constant was defined as the time during which the illu-
minescence intensity fell by a factor efafter the end of

We have investigated ZnSe crystals grown by theexcitation.

Bridgeman-Stockbarger method in argon at a pressure

<60 atm. The same original portion of zince selenide was

used in all these experiments. It was subjected to heat trea}- £y pERIMENTAL RESULTS

ment in vaccum in order to reduce the concentration of ex-

traneous impurities and components that have not reacted in The basic luminescence parameters measured at 300 K
the systend. Excess Zn, Se, and the Te dopant were intro-were: the position of the peak in emission spectiup, the
duced into the initial mixture with concentrations of 2% by luminescence decay time constantand the afterglow level
weight. The grown crystals were held in Zn vapor at 1290 K% due to zinc selenide crystals that had undergone various
and 1 atm for 24 h, or in liquid zinc at 1000 K for 24—78 h. types of heat treatmefithe values are listed in Tablg The

The elemental composition of samples was monitored bympurity introduced into initial material is indicated in paren-
means of X-ray luminescence and chemical analysis. Théheses and the annealing atmosphere is indicated after the
concentration of oxygen-containing impurities wa®.1%  colon. The notation ZhSé€, and T& refers to doping with
by weight, the concentration of carbon wax 50 % % by  the respective elements afte’>~ represents doping with
weight, and the concentration of other extraneous impuritieginc telluride.

1. SAMPLES AND EXPERIMENTAL METHODS
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TABLE |. Spectral and kinetic parameters of ZnSe crystals containing isovalent impurities at 300 K.

77!% I)(L 1
No. Crystal Am, NM T, US in 10 ms arb. units
Al ZnSe 620 <1 2 1
A2 ZnSe:Zn 628 55 17 12
A3 ZnSeSé) 870 <1 25 1.4
Ad ZnSeSé):Zn 625 90 <0.05 150
A5 ZnSezn°) 617 270 20 0.3
A6 ZnSezZn%:Zn 625 220 23 2
A7 ZnSeTeY) 830 30 5 0.7
A8 ZnSeTe"):Zn 635 80 <0.05 320
B1 ZnSeTe?) 890 26 12 83
B2 ZnSeTe):Zn 640 100 <0.05 980
B3 ZnSeTe?,Zn°) 620 550 7 45
B4 ZnSeTe?,Zn"%):Zn 630 >5000 31 28
B5 ZnSéTe?,Sé) 850 70 5 75
B6 ZnSeTe?,S&):Zn 640 180 <0.05 610
B7 ZnSeTe ", Te) 880 280 21 102
B8 ZnSeTe?, Te"):Zn 640 140 <0.05 820
B9 ZnSeTe?):Zn* 595 <3 <0.05 580

*Note: The B9 crystals were obtained after prolonged heat treatmebflafrystals in zinc.

After annealing in zinc, only three of the eight selectedthe rangen,,=620—640 nm. The only exception are the un-
crystals, namely, samplesl, AS, andB3, had an X-ray dopedAl crystals andA2 samples derived from thefie.,
luminescence spectrum with its maximum in the red. Theynnealed in Zn Their spectra are dominated by the band
other five samplesA3,A7,B1,B5B7) produced a dominant it Ay =560 nm. The exceptional samples also incléde
band with a maximum in the infrared prior to annealing.with \y~500 nm (Fig. 13 which, in addition, has a rela-
After annealing this maximum shifts into the red. This is tively large afterglow time constant.

accompanied by a substantial rise in the intensity of the X- SamplesB2 have a very stable intensity, at high tem-

ray luminescencel{,) and a fall in the afterglow level. . . ) . .
Crystals grown from primary mixture containing excessperatures and a single impurity X-ray luminescence band in
éhe entire temperature rangé=4.2-350 K, and also a

Zn are less sensitive to annealing in Zn. For example, th e ) |
A5 A6 process results in a rise in X-ray luminescence in-Strong near-edge emissi¢see Fig. 1a These results are in

tensity by a factor of 6-7, wherea&3—A4 produces an adreement with Ref. 10. When excess Zn is added to the

increase inly, by a factor of more than 100. The reverse initial ZnSe+Te mixture (crystalsB3 and B4), the X-ray

result is observed foB3— B4, namely,ly, decreases with luminescence bands become very unstable, the near-edge

substantial rise inr and 7. emission is absent, and afterglow kinetics increases mark-
At T=80 K, the spectra of most of the crystals that wereedly.

investigated are dominated by a broad band with a peak in For B9, produced by heat treatment BfL in zinc at

r [
b
- i // —\\
-~
£ 4r / 2 4 / \\
e / >
£ / 5}
w5 X
2 2+
/4
) 1 -~ '/l i J\
500 600 700 500 600 700
A,nm A,nm

FIG. 1. X-ray luminescence spectra of the following crystals:B2, 2—B4 atT=80 K (a), and the crystaB9 at the following temperaturés (in K): 3—80,
4—300,5—470 (b).
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640 nm, and a minimum level of afterglow. The X-ray lumi-
nescence centers are formed in this group of crystals in ac-
cordance with the model proposed in Refs. 3 and 4: zinc
vacanciesVy, are generated when Te-activated crystals are
grown, and the complexes,, Tes are found to be thermo-
dynamically stable even after the subsequent annealing of
the ZnS¢€Te) crystals in zinc; in addition, they act as centers
of selective absorptioiiin the range 500-550 nimand of
radiative recombination.

The second group of crystals is characterized by
selective-absorption bands in the range 470—-1500 nm, infra-
red bands in the X-ray luminescence spectra, a considerable
level of afterglow, and a very low luminescence yield, which

L, »arb. units

~ can be explained as follows. The addition of excess Zn to the
700 300 200 initial mixture, ensures that when the crystal is grown at
T, K temperatures up to 1900 K and the excess pressure is a few

_ _ 'dozen atmospheres, this superstoichiometric component can
FIG. 2. Tempergture dependgnce of the X-ra)_/ luminescence band intensi¥nter the crystal lattice, fill the vacancies at the sites of the
gf_cé)éztaISBg with the following values ohy (in nm): 1—595, 2—630, cation sublattice, and prevent the formation of complexes of
the form (Vz,Tesd; moreover, it can generate vacancies in

the anion sublattic¥ . (and interstitial Sg that gives rise to

T=1000 K, the characteristic feature that is unusual for th¢i€ep donor levels in the bandgap, wit=0.3-0.45 eV
ZnSdTe) crystal is the stationary X-ray luminescence at Ref. 11. ] ] o
300 K with A, =595 nm(Fig. 1b), fast decay kinetics, and Such crystal'_s, yvhu_:h usually have high r_eS|st|V|t|es,
the absence of afterglow and near-edge emission. When tif@ould have a distribution of electrical and optical param-
temperature is raised from 80 to 500 K, these crystals show 8€rs that is highly mhomqgezneous and is due to the fluctua-
double inversion of the dominant X-ray luminescence band!on poterfglr_;ll of the impurity? The fluctuation potential, as
in the range 80100 K, the X-ray luminescence maximumVe know;~is responsible for the so-called long-term “fro-
lies in the range 620—630 nm, whereas in the ranges 1102€n” photoconduction in the semiconductor. This seems to
350 K and 400-500 K it lies at 595 nm and again in theUs to be the reason for the extended decay kinetics of X-ray
region 620—630 nm. Moreover, whdh<130 K, the X-ray ~luminescence in sampl&s3 andB4.
luminescence spectra of samplB® contain an infrared We have found that samples in the second group have
emission band with\,,~880 nm. The above temperature- Varistor-type nonlinear current-voltage characteristics, which
dependent features of the X-ray luminescence spectrum af@nfirms the above picture.
due to a different temperature dependence of the initial in-  The absence of near-edge emission can also be explained
tensity at the maximum of each of these ba(ﬁg 2) The in terms of the influence of the Impurlty fluctuation pOtentia|,
intensity of the band with ,, = 630 nm decreases as the tem- Which produces the spatial separation of charges in the ex-
perature is raised above 80 K, with thermal quenching acticited electron-hole pait$ which impedes the formation of
vation energieg+=0.05, 0.12, and 0.6-0.7 eV in the tem- €Xcitons or direct band-band recombination.
perature ranges 80-100, 100-400, and 450-550 K, We note the following points in relation to the time pa-
respectively. The intensity of the band wity,=595 nm rameters of the luminescence emitted by the above samples.
increases as the temperature is raised from 80 to 220 K, biWe know that inn-type crystals with generally high conduc-
at higher temperatures it is found to decrease witHivity, the decay time constantis largely due to two main
er=0.5 eV. The intensity of the infrared band decreasedactors, namely, the capture of a hole by a recombination
monotonically with increasing temperature, and falls to zerceenter @,) and the recombination of an electr¢inee odd
at T~120 K. donop with a bound hole ;). Whenr,<r,, the intensity
decay time constant is~ 7,. The time constant, is obvi-
ously inversely proportional to the total concentratiorof
free electrons, which in turn is equal to the sum of two con-
In terms of their physical, chemical, and optoelectroniccentrations, namely, the dark concentratignand the non-
properties, the above zinc selenide crystals can be divideequilibrium concentratiom;. Whenn is high enough, we
into two groups:(1) crystals grown from a mixture with can assume that~n,, so that 7~ (ny) 1. Accordingly,
stoichiometric composition or with a chalcogenide impurity In(72) is a linear function of Infy) for n<10' cm~3 (Fig.
and (2) crystals grown from a mixture containing an excess3).
of zinc. After annealing in vapor, the first group displays ~ Whenng>10' cm™3, the reduction inr with increasing
dominant infrared bands in the X-ray luminescence spectra, is probably limited byr, which in turn is determined by
an absorption band in the range 500-550 nm, and, after atthe concentratiom of capture and recombination centers. It
nealing, a sharp rise in the X-ray luminescence intensity, as clear from Fig. 3 that for 0<n,<10' cm3, the time
shift of the maximum of this intensity into the region 630— constantr remains nearly constant, which may be an indica-

3. DISCUSSION OF THE RESULTS
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centers. Wherr,<7,, we havep,(t) ~exp(-t/r); i.e., the
- luminescence kinetics is determined by the concentration of
B yd free electrons.
1/ The above electron transition scheme thus provides an
B v explanation of the behavior affor n<10'® cm™3. However,
& // 2 2 whenn>10' cm 3, the luminescence decay time constant
7 is again found to decrease with increasmgrhis may mean
~ L that a new type of trapping-recombination center is formed
in the highly doped crystals, or the shape of the electron
| track produced by an X-ray photon is altered in some way.
Another possible reason for the reduction in the X-ray
: \ : . A L emission time constant with increasing dark concentration of
14 1% 18 20 electrons may be found in the influence of Auger-type non-
log (no,cm") radiative transitions in which the energy of the recombining

electron is transferred to another free electithird particle,

H 113 13 1 1
FIG. 3. The temperature decay time constapiotted as a function of the which thus becomes “hot™” Auger processes involving

free-carrier concentratiom,: 1—theory, 2—experiment with znS@e)  free carriers become significant only at high concentrations

crystals. of the latter, and this was, in fact, the case here. Moreover,

the X-ray luminescence intensity of the crysidl was lower

than that of the parent crystBPR, so that the contribution due

0 nonradiative transitions may be significant in the case of
9. The Auger mechanism is also supported by the absence

concentration of majority recombination centers is set, as ng near-edge emission in _crystals with the lowest resistivities.
The proposed formation of a new type of recombination

have already noted, by the concentratiéy,, and the latter . . . )
is determined by crystal growth conditions, whereas Subsecgenter in the case of high free-electron cc_)ncentratlons is also
guent annealing of the samples in zinc, which completes thgupported by the fact that the crys&#, which had the low-

formation of radiative recombination centers, determimgs est resistivity, had an anomalous X-ray luminescence spec-

which can vary between broad limits for the same values of U™ With Ay =595 nm aff =300 K and an anomalous tem-
the concentration of Zn vacancies. perature dependence of emission intensity. The band width

To obtain a more detailed description of the recombina—)"\":595 nm was also seen in the low-resistivity ZnSe:Zn

9 Am—3 ; }
tion of nonequilibrium carriers in low-resistivityn-type gr}]/is(;[r?:Ztr?;slgn Ckr;s i)n ?iftiri dprz(i):](’z?gl’f(\j/v:nsr};?tl"\:\%tr?ftr?éo
samples(annealed in zing consider the following simple bove idea thatgnewt ?aof center is being formed, we can
scheme of electron transitions for a single recombinatiorf: yp 9 '

level E, . The corresponding kinetic equations take the fc)rmproceed to the tentative consideration of the possible struc-
a ture of such centers. The most likely scenario is that the new

dp/dt=g—C,p(N—pa), (1)  centers areV3 Tesd{Zn'),, where n=2. The Te atom,
which replaces the Se atom, plays the role of a stabilizer of
dpa/dt=Cpp(N=Ppa) = Canpa, 2 the vacancie¥/,, and prevents the atom Zn from filling an
whereg is the rate of generation of electron-hole pairs as sempty site. We thus obtain the compllsb%;TeSe, which is
result of interband excitatiorp is the concentration of non- surrounded by two or more interstitial zinc atoms. This type
equilibrium free holes in the valence bamg,is the concen- of center has a repulsive barrier for a hole and low probabil-
tration of nonequilibrium holes localized at recombinationity of trapping it at low temperatures. The hole trapping
centers, andC,, , are coefficients describing the trapping of probability rises rapidly with increasing temperature and, as
holes or electrons, respectively, by an impurity center. Thex result, the afterglow intensity in the,=595-nm band is
remaining notation was described above. The luminescendeund to increase.
intensity is given byly, =C,np,.
Whenp,<N, the solution of(1) and(2) gives

_ Pe —t/T _ P
Pa(t)= 7o/ Th—1 e ] (Pa)e 7o/ Th—1

log (™ s77)

tion that N remains nearly constant in these samples. Th
fact thatN is independent oN; is not unusual because the

IV. CONCLUSIONS
e_t/Tn,

The ZnSe crystals grown from the initial stoichiometric
3 mixture or a mixture containing a chalcogenide impurity, and
wherep,, and (p,). are the stationaryinitial) concentra- also crystals grown from a mixture containing an excess of
tions of nonequilibrium free and localized holes, respeczinc, have significantly different spectral and kinetic lumi-
tively, and 7,=1/nC,, 7,=1/C/N. nescence parameters, indicating that intrinsic lattice defects
It is clear from (3) that, in general, the luminescence play a dominant role in the formation of radiative recombi-
decay law is not exponential. We shall consider two speciahation centers in this material.
cases. When,> 7, the first term on the right-hand side of The substantial change in the X-ray luminescence pa-
(3) is the dominant term, i.e., the luminescence decay tim@ameters of these crystals after prolonged annealing in zinc is
constant is determined by the concentration of recombinatioprobably due to the formation of a new type of combination
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SEMICONDUCTOR STRUCTURES, INTERFACES, AND SURFACES

Electroluminescence of the unconfined heterostructure p-GalnAsSb/ p-InAs at liquid-
helium temperatures

N. L. Bazhenov, G. G. Zegrya, V. I. lvanov-Omskii, M. P. Mikhailova, M. Yu. Mikhailov,
K. D. Moiseev, V. A. Smirnov, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021, St. Petersburg, Russia
(Submitted March 26, 1997; accepted for publication April 1, 1997
Fiz. Tekh. Poluprovodr3l, 1216—1219October 199y

The electroluminescence of the single unconfined type-Il heterojunpti@alnAsShp-InAs was
investigated in the temperature ranfe 4.2— 77 K. As the temperature was reduced below

T=77 K, the luminescence bands with maxima at 311 nlgdhdA) and 384 me\(bandB) were

found to shift toward higher energies. At 4.2 K, the short-wave band split into two bands,

B, andB,. These results are explained in terms of a model involving recombinations of electrons
from the conduction band to an acceptor level of InAs, and also recombinations of electrons
and holes localized in self-consistent quantum wells on either side of the heterojunctidi®97©
American Institute of Physic§S1063-78207)01710-9

Luminescence from an unconfined type-Il singlein an earlier papet? The substrate for this structure was Zn
p-GalnAsShp-InAs heterojunction at 77 K was recently dis- doped to a concentration of the order 0k 80' cm™3. The
covered and investigatédand a qualitative analysis of this wide-gap epitaxial layer of the solid solution
phenomenon was carried out. It was shown that the eledsa ,In,As,Shy_(x=0.17y=0.22) was also Zn doped to
troluminescence of thip—p heterostructure was due to re- a concentration op=10' cm™3.
combinations of electrons and holes localized in self-
consistent quantum wells on either side of the heterojunction.

However, the question as to whether the shape of the poteﬂ?—xpER"\"E'\ITAL RESULTS AND DISCUSSION

tial barriers and the self-consistent quantum wells on the het-  Figure 1 shows the luminescence spectra of the above
erojunction is determined directly by the fabrication technol-jynction when a negative potential was applied to the
ogy, or whether it also depends on the external bias, has nfarrow-gap semiconducterinAs (reverse biasat four tem-
been fully answered. It was therefore desirable to investigatgeratures between 4.2 and 100 K. B&=77 K, the spectra
the electroluminescence under pulsed excitation in order tgontained two lines with maxima at photon energies of 311
be able to vary the current across the heterojunction in @yev (line A) and 384 meV(line B), respectively. As the
broad range and to estimate the characteristic time constangsmperature was reduced To=4.2 K, bandA became nar-

of the attendant radiative processes. Radiative recombinatiqgwer, but its peak remained practically fixéat 314 meV.

in an unconfined type-Ip— p-heterojunction under pulsed Thjs was accompanied by a change in the structure of band
excitation at liquid-nitrogen temperatures was investigated irg  which split into two lines with peaks at 371 me\B{)

Ref. 2. It was shown that the luminescence spectra containeshg 400 meV B,). The position of8; was nearly the same
two emission bands with maxima at 384 and 311 meV, withyg the position of the banB at T=77 K. When compared
half widths of 18-19 meV, and an estimate was made of th¢ith the spectrum recorded at the intermediate temperature
time constants of radiative and nonradiative recombinationgf T=15 K, it was clear that an increase in temperature from
on the type-Il boundary, which were found to be jiquid-helium temperatures produced a rise in the intensity of
7r=2X10"" sec andra,=(0.5-1.4)x10 " sec, respec- B, but its position remained constant and coincided with
tively. that of bandB at T=77 K, wherea®3, shifted toward lower

The aim of the research reported here was to investigatghotOn energies and expanded, eventually absorBing
the electroluminescence of the unconfined heterojunction Tpe position of the two long-wave bands is thus practi-
p-GalnAsSbhp-InAs under pulsed excitation at liquid-helium cally independent of temperature, whereas the short-wave
temperatures. The experiments were performed for differengang shifts toward higher energies as the temperature is re-
currents and different positions of the measuring pulse relagyced. The temperature coefficient of the shift is
tive to the current pulse. —2.2x10 * eV/K, which is close to the temperature coeffi-
cient of the gap width in InAs-2.8x 10" eV/K (Ref. 4.

The current-voltage characteristics of the above structure
changes little as the temperature is reduced from 77 K down

The single p-GalnAsShp-InAs heterojunctions were to 4.2 K. This shows that the current flow is of the tunnelling
produced by liquid-phase epitaxy. The fabrication technoltype. We note that band is not observed in the case of
ogy and the measurement techniques were described in detéorward bias, when the positive potential is applied to the

EXPERIMENTAL METHODS AND SAMPLES
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0.32 0.56 0.40 the shape of the spectrum of the above heterostructure de-

Energy, eV pends only slightly on either the degree of excitation or the

FIG. 1. Electroluminescence spectra at 4.21K 15 K (2), 77 K (3), and dlreCt.Ion of the_ current. This suggests that .the bound struc-
100 K (4). ture is determined largely by the fabrication technology,
rather than by the applied bias. Moreover, carrier recombi-
nations occur in the same part of the heterojunction for both
semiconductop-InAs with the narrower gap. bias polarities.
Figure 2 shows the spectra Bf, and B, for the above The nature ofB, can be better understood by consider-
structure, both for reverse bias and forward bias. It is cleaing the band diagram shown in Fig. B{ is the Fermi level
that the shape of the spectra is similar in the two cases. A§he heterojunction is reverse-biased in the figure. The effec-
the excitation intensity inceases, the emission line intensityive process in this case is hole tunnelling from the valence
rises linearly, but the band positions remain the same. band of the solid solution to the valence band of InAs. A
Band B, is symmetric in the case of the forward bias, hole that has tunnelled through has lost energy by the Auger
and has the Gaussian shape. B@dis asymmetric in the process, and this is accompanied by the excitation of a non-
case of reverse bias. Its short-wave edge is, as before, dequilibrium electron from the valence band of InAs to the
scribed by the Gaussian distribution with the same parameonduction band, and by the transition of the hole to the top
eters as in the case of the forward bias, but the long-wavef the valence band. The electron in the conduction band
edge is Lorentzian. Nevertheless, it may be concluded thatndergoes a radiative recombination to an acceptor level,
which leads to the appearance of the b&din the elec-
troluminescence spectrum. Since both substrate and layer are
doped with Zn, which produces the 25-meV acceptor level in
InAs (Ref. 5, and the gap width of InAs determined from
photoluminescence at=4.2 K is 423 meV, it is natural to
assume that the recombination of electrons occurs on an ac-
ceptor level corresponding to zinc. In the case of forward
bias, there is an analogous process, but tunnelling of holes
occurs from the valence band of InAs to the valence band of
GalnAsSb. Moreover, in the case of forward bias exceeding
the contact potential differendghis was so in our experi-
men), electrons can tunnel from the valence band of
GalnAsSb to the conduction band of InAs, and recombina-
tion of holes can take place. We note that, since band bend-
ing is greater under reverse bias, and since electron recom-
bination occurs precisely in the region where the bands are
highly bent, we may expect that the low-wave edge of the
electroluminescence band is shallower than that of the short-
wave edge because of the contribution due to recombinations
0.3h 0.36 0.38 0.40 = 0!le accompgnied by tunpelling. It is precisely this behavior that
Energy, eV we saw in the experiment.
The fact that the position of the electroluminescence
FIG. 2. Electroluminescence spectra at 4.2 K under reverse(bjasnd ~ Pand is bias-independent can be explained in our model of
forward bias(2). the band diagram as follows. A quantum well is present on
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integrated luminescence in such structiré&n the whole,

this confirms the assumption that the energy structure of the
heterojunction is essentially independent of the applied volt-
age. At the same time, the rate of reduction in the band
intensity with shifting measuring gate confirms that the two
radiative recombination channels have the same source of
nonequilibrium electrons.

100

S
3

0.60 CONCLUSIONS
We have investigated the electroluminescence spectra of
the single heterojunctiorp-GalnAsSbp-InAs in pulsed
electric fields afT=4.2— 100 K. The experimental data ob-
tained in this investigation have resulted in an improvement
of the radiative recombination model proposed in Refs. 1 and
2. In addition, when applied to the recombination of elec-
trons localized in the self-consistent quantum well on the
. heterojunction on the side gf-InAs, this model describes
0 : y - radiative transitions of electrons to the acceptor level of
0.3% 0.36 0.38 0.40 042 P
Energy,eV p-InAs. _ . .
This research was carried out with the partial support of
FIG. 4. Electroluminescence spectra recorded under reverse bias at 4.2 Kt e Russian Fund for Fundamental Resedf@fant No. 96-

the following times after the end of the current flowing through the hetero-61 -17841aand INTAS (Grant No. 94-078p
junction (in u seg: 1 — 0,2 —4,3—8,4— 12.
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Effect of deep levels on current excitation in 6  H-SiC diodes

N. I. Kuznetsov

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

J. A. Edmond

Cree Research Inc. 2810 Meridian Parkway, Suite 176, Durham, NC 27713, USA
(Submitted January 30, 1997; accepted for publication April 3, 1997
Fiz. Tekh. Poluprovodr31, 1220-1224October 199y

The results of an experimental study of deep levels inpHmase of &1-SiC diodes are

presented. A deep level of unknown origin, with ionization endegy- 1.45 eV, acts as an

effective recombination center for minority carriers, and controls recombination processes. A level
with ionization energye.—0.16 eV is attributed to a nitrogen donor impurity. Electron

capture and thermal activation processes associated with this level substantially extend the duration
of current relaxation in th@—n junction. © 1997 American Institute of Physics.
[S1063-78267)01810-3

INTRODUCTION 1. SAMPLES

Silicon carbide is at present attracting considerable at- We have investigatedH-SiC diodes. The diode struc-
tention as one of the most promising wide-gap semiconducture was grown in a single technological process, using
tors for fast high-power instrumentation, capable of operatvapor-phase depositiqf€VD) (Ref. 9. The substrates were
ing at high temperatures. Traps with energy levels in theh"-type 6H-SiC wafers with impurity concentrations of the
bandgap of the semiconductor, as we know, affect adverse§rder of 16°cm™3, available from Cree Research Inc.
the response of such devices. Two types of trap are com{USA). The expitaxial layers were deposited on (0801
monly recognized: recombination levels and attachment leviace of the Si substrate. Aluminum and nitrogen were used as
els. According to the interaction with band conduction, at-the acceptor and donor impurities, respectively. The first step
tachment levels can be divided into two types, namely, singl&/as to grow then” -type expitaxial layer, highly doped with
attachment levelég-levels for which the establishment of Nitrogen, and then the Al-dopemitype epitaxial layer. In the
thermal equilibrium with the band takes much longer tharfinal stage, thep*-layer, highly doped with aluminum, was
the carrier lifetime and multiple attachment levédslevely, ~ deposited. The thickness of tipelayer was approximately 5
for which the time for establishing thermal equilibrium with #M- The electrical parameters of tfge-n-junctions were
the band is shorter than the carrier lifetime. The effect ofVestigated on mesa-structures with a diameter of 300

) . ) i +
attachment levels on current relaxation pr-n junctions using plasma-ion etching. The contacts with the *-layer

N o .
was discussed in Refs. 1 and 2, where it was shown that th%nd thet’.‘ -lsu?sltlrate (\;virefprqdugetd t;% depo;_ltlng Aland Ni,
B-levels have practically no effect on current relaxation be_respTer(]: vely, 1o towet y #S('jn?hm g_ de Te ium. tvolt
cause of the low rate of thermal depletion, whereas the effect € mesa-structures had the diode-ype current-voltage

) : " characteristics. The cutoff voltage on the forward 1-V char-
of a-levels can be appreciable only at high densities of these =~ "~

S . acteristic was about 2.7 V. The total voltage drop across the
levels. The current-relaxation time constant then increases bg/

. e tructure was 4.5 V at constant forward current of 1 A. An

a factor of 1+N_,/N., as compared with the lifetime of

L : ) . t k It f t vV
minority carriers, whereN, is the density of a-levels, abrupt breakdown voltage of about 600 V was observed on

. L the reverse |-V characteristic.
Nea=Ne exp(—EC_(/k'D, Ea |s_the |on|zat|o_n energy of the The measured capacitance-voltage characteristics were
a-levels, andN, is the density of states in the conduction

band used to determine the concentration profile for the uncom-
and.

o o pensated acceptor impurity in thelayer of the diode. Fig-
Very little is known at present about the traps iH-&iC

) - e ~ . ure 1 shows the typical dependenceNyf— N, on distance
that act as centers for the effective recombination of MINoritysrom the p—n junction, measured at room temperature. It is

carriers’™ The effect of attachment levels on photoconduc-ciear from the figure that the differendé,— N4 increases

tivity in SiC was described in Refs. 68, where it was shown,ith increasing distance from the—n junction, and then

that thea-levels, which are identified with the nitrogen do- yeaches a constant level of about 30 cm~—3. The concen-

nor impurity, determine the slow component of the photo-tration gradient on the rising segment i 207° cm . The

conductivity decay curve. dependence of the barrier capacitance of such diodes on the
The aim of the research reported here was to determingpplied voltage iC 3~U, suggesting a continuoys—n

the parameters of recombination and attachment levels byinction. The cutoff voltage on the capacitance-voltage char-

transient and current spectrometry of deep levels and to iracteristic was about 2.6 V. This figure is close to the built-in

vestigate the effect of traps on current relaxation ih-8iC  potential of the 1-SiC p—n junction in which thep andn

diodes. layers are doped with aluminum and nitrogen, respectively.
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FIG. 2. Fragments of the-DLTS spectra recorded at =100 usec,
FIG. 1. Typical plot ofN,— Ng=f(x) in the p-layer of the 61-SiC diode at  t,=200 usec. a—spectrum recorded when the reverse bias across the
room temperature. sample was switched over to a forward current of 10 mA. b—spectrum
recorded when the reverse bias was abruptly reduced to zero.

The diffusion length of minority carriergelectron$ in
the p-layer was determined at room temperature by measureurrent passing through the—n junction is independent of
ing the current induced by an electron probe. It was found tahe carrier typegelectron or holginvolved in the deep-level
be 1-1.5 um. This corresponds to an electron lifetime of charge transfers, the peaks on tHELTS spectrum have the
(2-5)x10"° sec, which yields an electron mobility of same sigrt® The HK; peak is due to majority-carri¢hole)

200 cnt/(V-s) (Ref. 11). charge transfers on theK, level The peak€EK, andEK;
are due to minority-carrigfelectron$ charge transfers on the
2. EXPERIMENTAL RESULTS AND DISCUSSION EK, andEKj levels.

Deep levelsDeep levels in the bandgap of a semicon- The parameters of these levels were determined from the

ductor are commonly investigated by capacitive deep-levef‘”hemuS relation(Fig. 4), which was constructed from the

transient spectroscopy, known as th®LTS method, which amily of DLTS spectra. The numerical results are summa-

was originally propos;ad by Lang. However caﬁ)acitive rized in Table I. The capture cross sections were calculated

methods have a limited temperatur.e range V\;paype sic using the following effective masses for electrons and holes:
* __ *

levels are investigated, because the holes are frozen-in whéPe —Q.Z?fno (Ref. 14 an_d my, =1.0m, (Ref. .15'

the sample is cooled below 200 K. We have therefore em- Since the leveEK, lies near the midpoint of the band-

ployed current transient spectroscopy—tHRLTS method? gap (see Table )l and since it has a relatively high capture
%o investigate these levels at low temperatures cross section for minority carriefglectrong, it can act as a

The DLTS measurements were performed in the temcenter for the effective recombination of carriers. Actually,

perature range between 77 and 700 K. A reverse bias of 5 \tﬁe electrog lifetimery determinec_i by this ]evel I approxi-
was applied to the mesa-structure. The traps were filled er]nately 10 sec. The value obtained fer, is close to that
majority carriers(holes by abruptly reducing the reverse
bias to zero. To fill the traps with minority carriers, the re-
verse bhias was abruptly switched to a direct current of 10
mA. The level parameters were determined by recording a
family of DLTS spectra for a constant ratig/t;=2 and
different t; in the range between 1 and 500 msec and be-
tween 10usec and 10 msec, usingDLTS andi-DLTS, < 2
respectively. The quantitids andt, are the instants of time ¢
at which the capacitance and current-relaxation amplitudes =
were measured in the-DLTS andi-DLTS. F

Figure 2 shows fragments of tlieDLTS spectrum. It is 1+
clear that there are two peaks at temperatures in excess ¢
400 K, markedHK 5 andEK,, respectively. Each peak in the
DLTS spectrum corresponds to a level in the bandgap. Peak:
with a negative sign are due to majority-carrigoles in this 0 ! T
casé charge transfers on the corresponding level, whereas 80 120 160 200
peaks with positive sign are due to minority-carrietec- T.K
trons charge transfers. _

Figure 3 shows fragments of theDLTS spectrum. It is FIE;. 3. Fragments of thé-DLTS spectra recorded a11=Q.1 uSec,

t,=0.2 usec. a—spectrum recorded when the reverse bias across the

clear that there are three peaks at temperatures above 200 &mple was switched over to a forward current of 10 mA. b—spectrum
markedHK,, EK,, and EK;. Since the direction of the recorded when the reverse bias was abruptly reduced to zero.

- %100 EK,
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106 tration is taken into account. It follows that when the current

E . kinetics across th@—n junction is investigated, one can
108 [ > expect relaxation with a time constant much greater than the
F lifetime of minority carriers. On the other hand, attachment
10* [ processes have no effect on the steady distribution of free
« JEK carriers in the case of direct current flow. This is so because
S [ ! the capture of nonequilibrium carriers to the attachment lev-
Nm. 3 els under steady conditions is balanced by the thermal ejec-
& 10° F tion of carriers from these levels. Hence the current-voltage
10! i HK - characteristics of diodes under steady-state conditions are de-
3 ,/.EK, -EK, termined by carrier recombination processes and not attach-
s ment processes.
10° 3 // Current-voltage characteristicsThe forward branches
10! T of the current-voltage characteristics have an exponential
0 ) 4 6 3 10 12 shape. At low currents (I0—10 3 A/cm?), the behavior
1000/T, K ! of the current can be described by the classical theory of
Shockley, Noyce, and S&R.According to this theory, the
FIG. 4. Arrhenius plot for the new levels. flow of current is due to the recombination of carriers within

the space charge layer via the recombination level lying near

calculated earlier from the diffusion length. The small dis—the center of the bandgap the effective carrier "fe_““_"e calcu-
lated from these current-voltage characteristics was

crepancy between the values §f may be due to the pres- t . .
pancy gf may P 5% 10 ° sec. This figure is practically equal to the value of

ence of an additional channel for recombination on deep en- . ; )
ergy levels P 7, Obtained from the diffusion length. THEK, level can

Since the ionization energy #{K, is close to the ion- take on the role of the recombination level among the deep

ization energy of the aluminum impurity inH6-SiC (Ref. 16 levels that \;ve have detected. qu average currents in the
and 17 and since the- layer was doped with aluminum, we range to 103—1 A/cn?, the behavior of the current can be

attributeHK, to the aluminum impurity. We note, however, described by the generalized Shockley-Noyes-Sah ttéory.

that the parameters &K, were determined with allowance According to this theory, the flow of current is due to carrier
for the temperature dependence of the hole capture croggcombination via a doubly charged center. Unfortunately,
section of the charged centér. our DLTS measurements have not revealed the presence of

Measurements performed on different mesa structureHis center, but we note that the presence of this doubly
have shown that th&€K, concentration is relatively high, charged center could gxplaln the discrepancy between the
i.e., (3—5)x 10 cm 2, It is important to note that this level values of the electron lifetimes deduced from i€, level
is concentrated near the—n junction. TheEK, ionization ~ Parameters and from measurements of the diffusion length
energy is close to that of the nitrogen atom that occupies thand current-voltage characteristic. We recall that, in addition
cubic position in the crystal structure oH6SIC (Refs. 14  to the recombination channel via tieK, level, there is a
and 19. We therefore assigiK, to the nitrogen donor im- further recombination channel in the form of the doubly
purity. We emphasize that tHé,— N4 concentration profile charged center mentioned above.

(Fig. 1) could have been due to the diffusion of nitrogen into ~ Current kinetics in the p-n junction.The current kinet-

the p-layer when the structure was grown. Judging by itsics in thep—n junction was investigated using equipment
interaction with the conduction band, tiEK, level can be With time resolution of the order of $10 *°sec. The
attributed to thex-levels, because the time taken to establisnsample used in these measurements was forward-biased, pro-
thermal equilibrium between this level and the conductionducing a forward currend;. At time t=0, a reverse-bias
band,t,=2x10"1%sec, is much shorter than the electronpulse of 10’—10 % sec was applied. The reversg was
lifetime 7,,. SinceEK, has a sufficiently high concentration, produced during this pulse. The shape of the reverse current
it may influence the current relaxation across phen junc-  pulse was observed on a high-frequency oscillogrégb.

tion. Actually, as noted in the Introduction, the current relax-5). The variation in this current with time can be divided into
ation time should increase by the factor N,/N,,, i.e., by  two phases. In phase 1€ <t,), the reverse curred, was

a factor of 8—12 at room temperature when Ei¢, concen- constant. It was assumed that phase 1 concludes dtiring

TABLE |. Parameters of the new level.

Level E,, eV oy, Cn? oy, CTP N, cm3 Method
EK, E.—0.16 ~10 % - (3-5)x 10" i-DLTS
EKj E.—0.34 8x 10 13 - ~4x 10" i-DLTS
EK, E,—1.45 ~10 18 - ~10% c-DLTS
HK, E,+0.24 - 7.4 107 %2 (3000T)° ~10' i-DLTS
HKs E,+1.41 - 6x10 16 ~10% c-DLTS

1051 Semiconductors 31 (10), October 1997 N. I. Kuznetsov and J. A. Edmond 1051



40 trogen were used as the acceptor and donor impurities, re-
spectively. It was found that a level with ionization energy
E.—1.45 eV was present in the-layer of the diodes and

20 f acted as an effective recombination center for minority car-
riers. A level with ionization energy dE.—0.16 eV can be

T attributed to the donor nitrogen impurity. Electron capture
g 0 L and thermal activation processes associated with this level
o ! greatly extend the duration of current relaxation in ghen

’ junction.

20 - The authors wish to thank V. A. Dmitriev and the staff
of Cree Research Inc. for providing them with tpe-n
structures, and V. A. Solov’ev for carrying out the measure-
ments.
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FIG. 5. Oscilloscope trace of a current pulse when the diode is switched
from forward to reverse currentl(—J,).
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Effect of the electric field in the space-charge layer on the efficiency of short-wave
photoelectric conversion in GaAs Schottky diodes

T. V. Blank, Yu. A. Gol'dberg, O. V. Konstantinov, O. |. Obolenskii, and E. A. Posse

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted March 17, 1997; accepted for publication April 17, 2997
Fiz. Tekh. Poluprovodr3l, 1225-1229October 199y

A study is reported of the quantum efficiency of the short-wave photoelectric effect as function
of the reverse bias applied to GaAs Schottky diodes when the light absorption length is

much shorter than the width of the space charge region. The quantum efficiency of photoelectric
conversion is found to depend strongly on the contact electric field and the photon energy.

The field independence of the quantum efficiency is interpreted in terms of a fluctuational trap
model. The model can also be used to determine the loss factor for hot photocarriers,

which is found to increase in a stepwise manner with increasing photon energy. This effect is
explained in terms of the formation of excitonsXa andL-valleys of the semiconductor.

© 1997 American Institute of PhysidsS1063-782807)01910-§

1. INTRODUCTION for the rise in the photocurrent. The effect of the electric field
was found to be very large: when this field is increased from
The research reported here is the continuation of previZ=1.5x 10* to 4.5< 10 V/cm, the photocurrent rises by a
ous studies? of the short-wave photoelectric effect in factor of more than 2. By using the simple triangular poten-
Schottky diodes based on Ill-V semiconductors. In an eartial well model we are able to provide an entirely satisfactory
lier paper we reported strong temperature dependence qualitative explanation of the field dependence of the PEC
photoelectric conversiofPEQ in the surface-barrier struc- quantum efficiency. This is clear from Fig. 2.
tures(Schottky diodesNi—GaAs(Ref. 1) and Au-GaRRef. We note that previous wotk® was largely confined to
2). Classical models of PEC do not involve the mechanisnother mechanisms for the effect of the applied voltage on
responsible for the strong temperature dependence of PEREC quantum efficiency. A rapid rise in the PEC quantum
guantum efficiency. To explain fully the observed relation-efficiency was observed in Ref. 3 in highly doped structures
ships, we proposed in Refl a model involving a special and was attributed to collisional ionization. The increase in
form of traps in the space-charge regi®iCR. When an PEC quantum efficiency observed in Refs. 4 and 5 was due
electric field is present, such traps arise from fluctuations irio an increase in the width of the space charge region when a
the bottom profile of the conduction band and the ceiling ofreverse bias was applied. This mechanism operates when the
the valence ban@Fig. 1). Such traps are capable of holding SCR is sufficiently narrow and its widt¥ is less than the
both photoelectrons and photoholes by localizing them idight absorption length. In our case, the latter condition was
neighboring regions. The idea of traps for photocarriers imot only violated in short-wave PEC, but it was also found
SCR constitutes a modification of the usual picture of thethat |<W for h»>2 eV. Moreover, collisional ionization
photoelectric conversion process. It is usually consideredvas impossible when the contact field amounted to a few
that the contact electric field separates all the photocarrieftens of kV/cm. It follows that traditional mechanisms for the
that have cooled down in the SCR. The presence of traps ifield dependence of the PEC quantum efficiency are not valid
the SCR offers a further mechanism for recombination los$n the case of the short-wave photoelectric effect.
that was disregarded earlier. This mechanism is very tem- We also note that, in the research reported here, we do
perature sensitive. It facilitates the thermal dissociation ofiot use the concept of internal quantum yield in order to
occupied energy levels in traps, which leads to a exponentigvoid confusion in terminology. We assume that each photon
rise in the PEC quantum efficiency. The localizat{astiva-  is absorbed in the semiconductor with the creation of one
tion) energy determined in Ref. 1 from the temperature deelectron-hole pair. In this sense, the internal quantum yield is
pendence of the photocurrent was found to be of the order gissumed to be equal to unity. However, this concept often
20 meV. incorporates various types of loss as well. In our case, the
In this paper, we report that the proposed fluctuationainternal quantum yield is a function of temperature and of
traps in the SCR can receive additional experimental confirthe applied bias as well of the wavelength of the incident
mation by the observed rise in the photocurrent with increaslight. We therefore prefer to assign an individual coefficient
ing electric field in the SCR. It is clear from Fig. 1 that the to each type of loss and avoid using the phrasernal
trap potential well is triangular: the application of a reversequantum yield
bias, i. e., the increase in the field, compresses the well, so
fchat, for a flx_ed temperature_:, th_e increase in the electric fl_elci. FORMULATION OF EXPERIMENT AND RESULTS
is accompanied by a reduction in the number of photocarriers
localized in traps in the SCR, which means that there is a We have investigated Ni—GaAs surface-barrier
reduction in the recombination loss, and this is responsiblstructures—a highly doped substratdéype GaAs with elec-
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DMR-4 monochromator in the photon energy range 1.8-5.2
eV. The structures under investigation were examined in the
short-circuit photocurrent regime.
The PEC quantum efficiencfexternal quantum yie)d
Je- was determined from the standard formula

_1t h 1
Y= eP v, ( )
wherel is the photocurrent? is the incident photon power,
andhv is the photon energy.
Figure 2 shows the measured PEC quantum efficiency as
a function of the field.

3. MECHANISM OF THE FIELD DEPENDENCE OF PEC
QUANTUM EFFICIENCY

~h~ It is clear from Fig. 2 that the PEC quantum efficiency
depends strongly on the applied bias. As noted above, a simi-
lar phenomenon was explained eafliéin terms of an ex-
pansion of the space charge region with increasing applied
£, reverse bias and the corresponding increase in the fraction of
electron-hole pairs separated by the contact electric field.
FIG. 1. Traps for electronsj and holes i) produced by fluctuations inthe  However, this picture is valid only for photon energies just
bottom profile of the conduction banét ) a_nd _the top of the valence band greater than the band gap, when the light absorption lengths
(E.) in the presence of the contact electric field. exceeds the SCR thickness. In our case, the opposite condi-
tion, namely,| <W was satisfied, so that the increase in the
e g SCR width should in no way influence the PEC quantum
tron concentratiom=10"" cm™* at 300 K. A weakly doped  efficiency. The increase in quantum efficiency with increas-
n-type GaAs expitaxial layern(= 10'° cm™ at 300 K, 10 |ing electric field could be related to the increase in the height
pm thick, was grown on one side of the substrate. A seMiys the potential barrier experienced by photoelectrons enter-
transparent nickel barrier contdetas then deposited chemi- ing the metal, i. e., a reduction in the loss of photoelectrons.
cally on the expitaxial layer and an ohmic contact was placeqyqever, simple estimates show that this phenomenon could
on the substrate by fusing indium to it. The total thickness of, ot have such a strong influence on the PEC quantum yield
the structure was of the order of 2@@n and the illuminated 55 \was revealed experimentally. Another possible mecha-
surface area was about 0.06%m ~ nism for the dependence of the PEC quantum efficiency on
We investigated the short-wave PEC quantum efficiencye anplied bias is a change in the thickness of the dead layer
as a function of the reverse bias in the range 0-6 V. The, the surface of the semiconductor from which all the elec-
photocurrent spectra were recorded at 300 K, using thgons are extracted into the metal by image forces. However,
the width for this layer amounts to a few tens of an angstrom
and does not depend strongly on the reverse bias. This means

that the change in this width for photon absorption lengths of
7 i the order of a few hundred angstroms can in no way explain
0.5 the substantial change in the observed PEC quantum effi-
o4k ciency.
We consider that the large increase in the PEC quantum
03k efficiency with increasing electric field can be explained in
terms of the model proposed in Ref. 1 for the description of
o0zt the temperature dependence of PEC quantum efficiency.
This model assumes the presence of fluctuations in the bot-
01f tom profile of the conduction band and the ceiling of the
. valence bandFig. 1). In the contact electric field, this kind
05 0 25 30 3'5 m 4‘5 of fIl_Jctuation becomgs a trap for elegtrons and for holgs.
&, kV/em Carriers of different sign become localized in closed spatial
regions, which may give rise to their recombination.
FIG. 2. External quantum yieley as a function of maximum electric field The PEC quantum efficiency is essentially the probabil-

strength in the SCR at 300 K. Points represent the measured values of : : : : :
The increments in the electric field correspond to increments in the reverslt;[y that a photon will be absorbed in the semiconductor with

bias between 0 ane-6 eV. The values ohv are(in eV): 1—2.25,2—2.7,  the creation of an electron-hole pair which is then separated
3-3.1,4—4.13,5-5.1. by the contact electric field and which contributes to the
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photocurrent. The following formula, reproduced in Ref. 1,
gives this probability as the product of the probabilities of
three successive events:

¥=(1—R)(1— Shot (1~ Stherm) 2

where 1-R is the probability that the photon will not be
reflected by the surface and will be absorbed by the semi-
conductor(R is light reflection coefficient 1— 8,4 is the
probability that the electron-hole pair produced by a photon
will cool down in the SCR, i. e., it will be influenced by the
contact field(6y is the coefficient representing the loss of
hot carriers, which depends on the photon energy in the
properties of the semiconducipand 1— 8y,em is the prob-
ability that the cooling electron-hole pair will be separated
by the contact field and will contribute to the photocurrent
(Smerm is the coefficient representing the loss of thermalized 0.2~
carriers; it is determined by the recombination of carriers N
captured by the traps and depends on both the temperature \\......—-Z
and the electric field in the SQR DAY

We note that recombination losses on the surface were B ‘ S——
neglected because they are small in this particular series of 4
samples. . eV

The concentration of thermalized free carriers increases ?
with increasing temperature because of the thermal diSSOCiTaf'IG. 3. Hot-carrier loss coefficiend,,,, PEC quantum efficiency, and
tion of electron-hole pairs captured by the traps. Consereflection coefficienR as a functions of photon energy.
guently, the PEC quantum efficiency increases with increas-
ing temperature. The temperature dependence of the
guantum efficiency was used in Ref. 1 to determine the carfrom the bottom of the well. Using the triangular potential
rier localization energy in the absence of bias across thaell with infinite walls as the initial coarse approximation,
structure. This was the starting point for the calculation ofwe obtain
the field dependence of the PEC quantum efficiency. 5202 13

The proposed mechanism for the dependence of the PEC  ¢(#)= 51(— /2) ) (6)
guantum efficiency on the applied reverse bias may be de- 2m
scribed as follows. As the reverse bias increases, i.e., th@here £;=2.34 is the first root of the Airy functions is
contact electric field increases, the band slope in the SCR Blanck’s constant, and andm are the charge and effective
found to increase, which in turn leads to a reduction in themass of the electron.
localization energy of the electron-hole pair in the trap. Fora |t is clear from(5) and (6) that the localization energy
given temperature, this reduction in the localization energyjecreases rapidly with increasing contact electric field in the
leads to an increase in the concentration of thermalized fregCR, which it turn leads to an increase in the PEC quantum
carriers and, consequently, an increase in the PEC quantusfficiency. When the contact field is so strong that the local-
efficiency. ization energy is zero, the PEC quantum efficiency ceases to

In the case of the Boltzmann statistics depend on the electric field. The triangular-well model with
infinite walls is, of course, too approximate and disregards
several factors, e. g., tunnelling through the potential barrier.
This is why the theoretical curves show the ‘knee’ as they
enter the saturation regin€ig. 2).

1— Stherm= eiAE(K)/kT, (3)
whereAE is the localization energy of the electron-hole pair,
# is the electric field in the SCH is Boltzmann’s constant,
andT is the temperature. The quantum efficiency given by

(2) then takes the form 4. EXCITONIC MECHANISM FOR SHORT-WAVE DECREASE
OF THE PHOTOELECTRIC CONVERSION QUANTUM
y=(1=R)(1— Sy e 2EAVKT, (4)  EFFICIENCY

The dependence of the localization energy on the contact, If we know the dependence of the PEC quantum effi-
electric field is given by ciency on photon energy we can construct the spectral de-

pendence of the hot-carrier loss coeffici€fig. 3). We have
AE(£)=AEy—[e(£)—e(%y)], (5)  found thatd,y is a stepped function of the photon energy,
with two rapidly rising segments. The first of them is located
where AE;=22 meV is the localization energy in the ab- near the photon energhv=2.8 eV and the second at
sence of the reverse bias when the electric fieid the SCR  hv=4.5 eV. This behavior can be explained in terms of the
is £o=15 kV/cm, ande(#) is the level energy measured properties of the GaAS band structure illustrated in Fig. 4.

1055 Semiconductors 31 (10), October 1997 Blank et al. 1055



readily dissociated by the contact electric field. Moreover,
because of its small radius, the exciton has a weak interac-
tion with optical phonons, i. e., a large mean free path.

Studies of the properties of such bt andL-excitions
constitute a separate topic because of the large number of
interesting physical effects, e. g., re-emission.

It seems possible, therefore, that excitons can pass
through the entire SCR, reach the metal or the quasi-neutral
portion of the semiconductor, and recombine there. The gen-
eration of photocarriers in the neighborhood Xf and
L-points does not, therefore, contribute to the photocurrent.
In our view, this is the reason for the rapid fall in the PEC
guantum efficiency with increasing photon energy.

5. CONCLUSIONS
FIG. 4. Band structure of GaAs according to Ref. 7. Rectangles mdrked . . . L
and2 represent the Brillouin zones in which there is absorption of photons We have carried out an eXpe”mental Investigation of the

with energieshv=2.8 eV (1) and 4.5 eV(2). We assume that electrons and quantum efficiency of the photoelectric effect in the short-
holes produced in these regions form a tightly bound exciton and do nofvave part of the spectrum as a function of the applied re-
contribute to the photocurrent. verse bias in GaAs Schottky diodes, in which the light ab-
sorption length is much smaller than the width of the SCR.
The field dependence of the PEC quantum efficiency was

This figure shows segments of the Brillouin zone in WhIChfound to be very strong. It was explained in terms of a model

?neofr?enrdl.i_ﬁg; zr;d r\r/1ae|ﬁtns Cergsigisgﬂaﬂ?g;’;ﬁ ﬁ)rﬂilg:]t%?ﬂﬁvolving fluctuational traps in SCR, used earlier to describe
' 9 P J e temperature dependence of quantum efficiency. It was

absorptlon_of photons. R_eglon 1 corresponds to Interbanestabllshed that this model was also suitable for the descrip-
transitions in the_-valley with energy of the order of 2.8 eV, ' s
. . . .~ tion of the field dependence of the PEC quantum efficiency.
whereas region 2 corresponds to interband transitions in the .
X-valley with enerav of the order of 4.5 eV A mechanism has also been proposed for the loss of
varey wi 9y ' ' photocarriers due to the formation of excitons in ¥eand

o e o e e o e 3L Ay of he Semicondicior. The ependence of e o-
efficient representing the loss of hot photocarriers on the

most parallel to the top of the valence band, the photoelec- . L )
tron and photohole velocities point in the same direction an&)hoton energy was deduced by investigating the spectral de

) ) . pendence of the PEC quantum efficiency. It fits satisfactoril
are also close in absolute value. The Coulomb mteractlorg) d y y

then ensures that an electron and a hole can form a hot e;(r]to the above physical picture of the ongoing processes.
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the InAs/GaAs system
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A specially developed detection system and an analysis of RHEED diffraction patterns were used
to investigate the dynamics of transition from two-dimensional to three-dimensional growth
mechanism in the heteroepitaxial INAs/GaAs system. An analysis of the dynamics of the diffraction
patterns was used for the first time to investigate the dynamics of formation of quantum

dots. A time shift in the dynamic behavior of the diffracted intensity for diffraction patterns
recorded at different angles was found. This shift is explained in terms of the size

differences in the three-dimensional islands at the initial stage of decay of the pseudomorphic
layer. InNAs/GaAs quantum dots grown under certain conditions produce reflections at

45° relative to the principal reflections. This is evidence for the ordering of islands D@

and [010] crystallographic directions. €997 American Institute of Physics.
[S1063-782607)02010-3

1. INTRODUCTION the system enables us to analyze any point on the diffraction

Th . iderable int t in fabricati .image, and also the variation in intensity on the diffraction
ere is now considerable interest in fabricating semi- ..o in 4 chosen direction.

conductor nanostructures by direct molecular beam epitax The growth experiments were performed with the

1-3 o ;
(MBE).™™ One of th.e most promising ways of producmg_ EP1203 MBO equipment. After the GaAs buffer layer was
quantum dots as objects that limit the motion of charges 'qrgrown with (2x 4) surface reconstruction, and to exlude the

all tth ree dlrect|o_nsl lsp‘hleéegzexplt?x;lzlgglromh in mismaiche esorption of In atoms, the surface temperature was reduced
Systems, €.g., In INAS S Systems. In this case, quan- 4 the (2x2) superstructure was seen to appear. The

tum dots are produced by using the spontaneous c_lecay of owth conditions were identical in all these experiments:
psegdomorphlc layer onto a set of coherent nanoislands Ihe rate of growth of InAs was 0.1 monolayer per second, the
t_he mterfape between semmonductors of different COMPOSIAG/In flux ratio was of the order of 10, and the temperature
tion and with severe enough lattice mismatch. There is now f the substrate for the indium arsenide layers was 470 °C
relatively extensive literature on the geometric properties o e used two modifications of MBE, namely submonolayer.
an ensemble of quantum dots in which these properties aigipe (SMBE)2 and submonolayer migration-stimulated ep-

investigated by transmission electron microscq@EM), itaxy (SMSE.22 In the SMBE method, the shutter of the As

scanning tunneling microscoTM), atomic force micros- source is always open, whereas the shutter of the In source

copy (AFM), e_md other methods._ However_, hone of theseopens periodically. In the case of SMSE, the two shutters are
methods provide a way of studying surfadassitu. TEM

. 2 i open alternately. In both cases, each In deposition cycle ac-
images are very sensifive to the siress field and the da@ounts for 0.5 monolayer. The state of the surface was moni-
obtained by STM and AFM represent the structure of th

: e rarden A e In th et(;ored visually on a TV monitor with simultaneous recording
surface after the hardening of the sample. In the case Qfy, yq yigeotape.

MBE, reflective high energy electron diffractigRHEED) is
the most widely usedh situ diagnostic technique for moni-
toring the state of the surface and its variation dynamics. 8. EXPERIMENTAL RESULTS AND DISCUSSION

this paper, we report an investigation by RHEED of the dy- _ . .

namics of transition from the two-dimensional to the three- An_aly3|s of the dlffractlon patterns s_howed that volume
dimensional mechanism of heteroepitaxial growth in thereflectlons corresponding to the transition from the two-

InAs/GaAs system for different modifications of MBE tech- dimensional to the three-dimensional growth mechanism ap-
nology pear for a larger amount of deposited InAs in the SMBE

method as compared with the SMSE under identical growth
conditions. This is so because the accumulated sftcessto
the mismatch between the lattice constants of GaAs and
InAs) occurs more rapidly in SMSE because of the more
For the RHEED investigation, we have constructed ametal-stabilized growth conditions 1) and (1x 1) sur-
system for the detection and analysis of RHEED patterns. lface reconstructions in SMSE and SMBE, respectivély.
operates in real time in steps of 40 ngef. 11 and incor- Intensity measurements on the diffraction patterns along
porates a sensitive video camera connected via an interfatee principal reflections showed that the transition from the
to a computer and a video recorder. The software used wittwo-dimensional to the three-dimensional growth mechanism

2. EXPERIMENTAL METHODS
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FIG. 1. Variation in the intensity of th@1) reflection during submonolayer
molecular-beam epitaxy. Numbers next to the drawings represent the thick- 2
ness of the InAs layer in terms of the number of monolayers. Arrow shows
the appearance of volume reflections. i

in the decay of the pseudomorphic InAs layer onto ensemble
of islands is governed by a relatively complex mechanism. In . . , , X
SMBE, the RHEE pattern becomes somewhat diffuse after Time
the deposition of 0.2 monolayers of InAs, and the volume _ . . y
component of the diffraction spots begins to appear in thé!C: 2. Time dependence of the diffracted intensities atl}(2), and
range 10-15 monolayers. This growth stage is characterize% (3) during submonolayer molecular-beam epitaxy.
by a corrugated surface structdreWhen the thickness of
the InAs layer reaches its critical value of the order of 16-18
monolayers, the diffraction pattern transforms rapidly to pure
volume reflections and shows no changes for up to dozens afeposited on GaAs from two to three monolayers was found
monolayers of InAs. The overall picture remains the same iro lead to a rise in the density of quantum dots on the sur-
the case of SMSE, but the transition from diffuse reflectiondace, whereas their lateral dimensions remained the same as
to the pure volume reflections occurs more rapidly. Thebefore. According to the data reported in Refs. 17 and 18, the
separation between the volume reflections corresponds to theansition from two-dimensional to three-dimensional growth
InAs lattice constant for both growth modes. Figure 1 illus-mechanism in InAs/GaAs passes through an intermediate
trates the dynamics of the intensity variation in the case oformation of quasi-three-dimensional clustéheight 2x< 4
the 0.1 reflection in SMSE. The onset of islands on the surmonolayer§, and the appearance of InAs islands on the sur-
face, estimated from the RHEED data, occurs when 1.6ace occurs via a stage with a large spread in the geometric
monolayers are deposited within accuracy of 0.02 monodimensions. Further deposition of InAs results in the stabili-
layer. zation of the island dimensions. Recent data on the optical
Our investigation of the kinetics of the transition from properties of the InAs/GaAs ensemble on the whole confirm
two-dimensional to three-dimensional growth mechanisnthis model of heteroepitaxial growth, and are in agreement
has shown that there is an interval during which threewith the dynamics of RHEED patterns on the initial stage of
dimensional islands are formed on the surface. Figure 2lecay of the pseudomorphic layer.
shows the time dependence of the RHEED intensity recorded The growth experiments revealed changes in the
at different reflection angles. We see that there are differefRHEED patterns consisting of the appearance of reflections
instants of time at which the reflection intensity begins toat 45° relative to the principal reflections when the critical
rise rapidly. The onset of intensity saturation is also found tahickness of the InAs layer was exceeded. These changes
occur at different times for different reflection angles. Thesuggest that the islands become ordered in[0@l] and
intensy minimum corresponds to the beginning of the transif010] directions. In accordance with the conclusions reported
tion of the two-dimensional to three-dimensional growthin Ref. 19, the surface energy minimum corresponds to the
mechanism, whereas saturation occurs when the island sizepatial distribution of islands in the form of a two-
assume steady values. In our view, the observed shift can liimensional square lattice with axes along {#1] and
associated with different island dimensiofieight and pe- [010] directions. The theoretical results given in Ref. 19 are
rimeten at the intial stage of decay of the pseudomorphicthus seen to provide a qualitative explanation of the dynam-
layer. Once saturation has been reached, the island dimeits of the RHEED patterns. The data obtained for such struc-
sions become ordered and only their surface density intures by TEM and STM methods have also confirmed that
creases. This is confirmed by STM data and optical studiethe islands are distributed in the form of a two-dimensional
of such structurd§ where an increase in the amount of InAs periodic lattice>'®
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High-temperature irradiation of gallium arsenide
V. V. Peshev and S. V. Smorodinov

V. D. Kuznetsov Siberian Technical Insititute, 63405 Tomsk, Russia
(Submitted March 26, 1997; accepted for publication April 29, 2997
Fiz. Tekh. Poluprovodr81, 1234—-12350October 199y

Deep level transient spectrocopy was used to investigate the introduction of P2 and P3 centers
into n-type epitaxial layers of GaAs as a result of exposure to 4-MeV electrons in the
temperature range 38®50 °C. It is shown that the rate at which the centers are introduced into
the layers is independent of temperature in this range. The P2 center concentration is
proportional toD%’, whereas for thd3 center this function i©°° whereD is the electron

dose. ©1997 American Institute of Physid$S1063-782807)02110-§

Only a few papers dealing with high-temperature irradia-trum of a Schottky diode exposed at 380 °C to an integral
tion of GaAs have been published. Deep electron traps werelectron fluxD = 2.4X 10*> cm™2. Comparison of the diode
reported in Ref. 1 after exposure to radiation at 300 °C. It isspectra recorded at 380 °C with the spectra of diodes irradi-
shown in Ref. 2 that the dominant centerrnrtype GaAs ated at room temperature and annealed at 380 °C has shown
irradiated at 400 °C is thB3 center. However, the tempera- that the center introduced at high temperatures corresponds
ture range in which defects introduced at high temperature® centers formed during the annealing process. Measure-
are stable is not known; not known either is the kinetics ofments of the emission activation enerBy, and of the ef-
their acquisition by the layer. In this paper we report a studyfective capture cross sectiar,, for electrons trapped by the
of the dose dependence of the concentration of the radiatiomominant center (Fig. 1) yielded E,,=0.74 eV and
induced defects in GaAs in the temperature ranger,,=10 *2cn?, which is close to the corresponding param-
380-550 °C. eters for theP3 cente’ Unfortunately, the peaks are not

We investigated Schottky-barrier diodes produced by thavell resolved, so that reliable identification of tR2 peak
deposition of Ti onn-type epitaxial GaAs layers with elec- (Fig. 1) was not possible. Our dataEf,=0.6 eV,
tron concentratiom~3x10* cm™3. The layers were ex- o,,=10 1 cn?) are inconsistent with the data reported in
posed to 4-MeV electron pulses with mean current density oRef. 3, but are close to those obtained in Ref. 4 for B2
0.8 uwAlcm?, with the temperature maintained by a heater.center.

The deep level parameters were measured-BLTS. Figure 2 shows the concentratiblp; of P3 defects as a

Figure 1 shows the high-temperature part of the specfunction of the irradiation dose, obtained at different tem-
peratures, givindNpz~D%5 We note that this type of dose
dependence corresponds to a care in which a defect that is
complementary to th€3 center is mobile at the ‘irradiation
temperature’ and vanishes at unsaturated Sirkpossibly
dislocations. Moreover, it follows from Fig. 2 that the rate at

DLTS signal , ard. units

i 1

N N 1 1
0300 350 %00 107 2 « 6 8 10
T.K D,cm?

FIG. 1. High-temperature branch of the Schottky barrier diode, measured bgIG. 2. Concentration of P3 centers plotted as a function of the electron-
c-DLTS. The diode was exposed to an electron beamT at380 °C, beam flux density at the following temperatui@s °C): 380 (1), 480 (2),
r=5%10"3 sec. 550 (3).
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which the P3 defects are introduced is independent of thecenters should be mobile at room temperature. Further re-
irradiation temperature in the range 38850 °C. We have search should yield the functiddp;=f(D) for samples an-
shown that the concentration B2 centers is also a nonlin- nealed aff =300 °C after irradiation at room temperature.
ear function of the dose and is described\p,~ D7, It has We have thus shown that the concentration of B

not yet been established unambiguously whethePth@en-  andP3 centers is proportional %’ andD%5, respectively,
ters in samples irradiated at room temperature are producexhd that the rate at which these centers are acquired is inde-
as a result of the modification of defects during subsequemtendent of temperature in the range 3&50 °C.

annealing T=300 °Q or whether they are defects which are

acquired during irradiation at at room temperature, but which;\?- Stigvegard arzid VJ \;:.PBOLrJ]rgoier),hJ. Agtpli thg, £4i élggg% -

are masked by peaks due to the well-known cerfiband 5[ 5 E B! Eiodrgg;,eJY'Ph;yss.'c:asgﬁ S(t).( P)hﬁsg839(1(985§.

ES. In the former caselpz should be a linear function of = 4y A vanyukovich, V. I. Karas, and V. M. Lomako, Fiz. Tekh. Polu-
the dose because it is known that thé andE5 acquisition provodn.24, 1427(1990 [Sov. Fiz. Semicond24, 893 (1990] .

kinetics is linear. If, on the other handlp3~D°'5 for the 5M._W. Thompson,Defect; and Radiation Damage in Meta@@ambridge
same samples, then it may be concluded that we have the "Versty Press, Cambridgel969.

second case and defects that are complementary t®3he Translated by S. Chomet
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The role of defects in the formation of local states induced by atoms adsorbed on a
semiconductor surface

S. Yu. Davydov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted November 11, 1996; accepted for publication February 18) 1997
Fiz. Tekh. Poluprovodr3l, 1236—1241(October 199y

The generalized Anderson-Haldane band model of a semiconductor is used to consider the
influence of quasi-localized electron states in the band gap on states induced by metal atoms
adsorbed on the semiconductor surface. The formation of the Schottky barrier is discussed

for low degrees of metal cover. Numerical calculations were performed for the pr&alAs

(110 system. ©1997 American Institute of Physids$S1063-782€7)02210-2

The problem of the formation of the Schottky barrier on the operator describing the creation of an electron in the state
a metal-semiconductor boundary has a long history, but stilla); and the third term describes the hybridization of the
awaits an unambiguous solutibA.At present, there ar two semiconductor and atomic states.
popular models of the contact, namely, the unified model of The Green’s functionG corresponding to the Hamil-
a defect, originating in the work of Spicet al® and the tonian(1) is
model in which states are induced in the band gap by the 1 .
metal. The latter is based on an idea reported by Heirtee G (@)= 0B Ao) +il(w), )
defect model provides a satisfactory explanation of the Fermivhere
level pinning and, consequently, of the weak dependence of
the Schottky barrier heighb under different metallic com- I'w)= 772 Vi|26(w—gy), ®)
ponents of the contact with the semiconductor. Conversely, k
the induced-states model is capable of describing the signifi- 1 (=
cant changes iP as one passes from one metal coating on A(w)=P — f
the semiconductor to another. Both tendencies are observed TS

_experimentally. In ad_dition,_both weak and strong varia_ltionq.|erew is the energy variable§(x) is the Diracé-function,
in the SChOttky barrier he|ght have been ObS(—:frved n th@ denotes the principa' value of the integra'i df(d)) is a
same systerfsee, for example, Refs. 5 and 6, which report afunction which is proportional to the semiconductor density
study of the metal—silicon carbide contact, which is probablyof statesp,=3,8(w—e,) and which determines the half-
due the technology used to produce the comtact width of the atomic quasi-level.

At present, the popular approach to Schottky barrier e shall write the density of stat&$w) in the form(see
theory is borrowed from the physics of adsorptfoithis Fig. 1)
approach has also been used to formulate the defect fmodel

IN'w")
_w’

w

do’. 4

and the model of induced stat&3lt is therefore interesting L, if Jo|>A/2;
to consider a unified model of the metal-semiconductor con-  T'(@)=1{ v, |if |w|< 812, . (5)
tact. In this paper, we shall consider the influence of surface 0 in other cases

defects on the position and population of local and quasi-

local levels of an isolated adatom, which will model the earlyHereI'=7Vpy,, and y=7V7Zp;, whereV is the matrix

stage of contact formation. element describing the hybridization of the atomic state
with the defect band states, apg;, is the density of the
defect band states. We thus have two semi-infinite bands

1. THE MODEL (conduction and valengewith density of statep,=const,
separated by a gap af. A band of impurity stategthe

We shall consider the adsorption of a one-electron atoni-band lies at the center of the gap. It has a widihand
on the surface of a semiconductor. The Hamiltonian of theconstant density; . When y=0, this model becomes iden-
system in the spinless approximation can be written in theical with the well-known Haldene—Anderson mod&we

form note that although we have placed thieand at the center of
the gap merely for simplicity, this is probably in approximate
H=>, exCy CtEjatat > Vi(cyia+H.c), (1)  agreement with the experimental situatfon.
k k Substituting(5) in (4), we obtain
where the first term represents the semiconductgrde- T w—A/2| y w—B/Z‘
scribes the electronic structure of the semiconductoreind Alw)=—1In ——1In . (6)
T o+ A/Z‘ T o+ 5/2‘

is the operator representing the creation of an electron in the
state|k) (the band index is omittedthe second term de- The shift functionA(w) is shown in Fig. 1. The position of
scribes an atom with single-electron energy leligl a* is  the adatom levele* (both local and quasi-locais given by
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stepwise shape of the band edges, the functid®) has
T: w-Eq discontinuities ato= * A/, * §/2. When a better approxima-
} tion for the density of states is adopted for the semiconduc-
Vf —————— r tor, the functionA(w) does not show these discontinuities.
! : The result is that some of these solutions will be absent near
] | the points (- A/2) and (+ 6/2). However, these possibly fic-
H :/ tious solutions have little effect on the charge of the adatom

2 @ (see below

<
—————— ]
|
|
|

s L
~ g -A/2 =872 [o 872 4

2. ADATOM LEVELS AND THEIR POPULATIONS

FIG. 1. Different branches of the solution @f) are marked 1, 2, 3. Atomic It follows from Flg. 1 that; aSE_a increases from- to
level broadening (w) (dashedl and shiftA(w) (solid). The top of the va- T, the local energy leveb* shifts from the top of the
lence band isEy=—A/2 and the bottom of the conduction band is valence band to the bottom of conduction band. It can be

Ec.=A/2. The impurity band lies between 6/2 andé/2. The arrows at the shown that this shift increases more rapid'yl’é_decreasesl
crossing points of the line—E, with the profile A(w) show the solutions For givenE,, smallerT" corresponds to local levels which lie
of (7) corresponding to two local and one quasi-local levels. ar
closer to the gap edges.
When the defeci-band is presertwe shall refer to this
w—E,— A(w)=0. @ model as the ‘defect model’ aqd will d|s'g|ngU|sh it from the
‘defect-free model’ corresponding tg=0 in (5)], the func-
In what follows, we shall confine our attention to solutions oftjon * (E,) is as shown in Fig. 2. The conditions for the
(7) that lie in the region of the gap; A/2<w*<A/2. A inequality given by(8) are satisfied for the case shown in
graphical method of finding these solutions is shown in Fig.Fig. 2a. This is precisely why in the case of atomic lev&ls
1. It is clear from this figure that the minimum number of which lie near the center of the gap, Eg) has five solu-
roots of (7) is three. Two of them lie in the gaps tions, three of which correspond to the quasi-local levels that
(—A2<w*<—-4/2) and (I2<w*<A/2) and correspond overlap thei-band. It can be shown that it is necessary and

to local levels of the adatom, and one overlapsitiand  sufficient for the realization of the five solutions for the
and is a quasi-local level. However, if the atomic level with gtomic level energye, to satisfy the inequality
energyE, lies near the center of tHeband, it can be shown

that when the inequality —EasEa<E,, )
4(y T where
C=— (—— —) 1 ® ~ N
o A E,=(2/3)5(1-C),

gap and the total number of solutions @} is five.

We note, however, that the local solutions’ corre-
sponding to regions that are very close to the top of theAs the ratioy/I" increasegother parameters being constant
valence band and the lower and upper edges of #hend, the inequality given by(8) ceases to be valid. It can be
and also the quasi-local solution in the region of the topshown that, ay increases, the adatom level in the upper gap
i-band, may be fictitious. The point is that, because of the shifts toward the bottom of the conduction baifor the

is satisfied, two additional quasi-levels appear in the second \/— \/
©= y/a\*> (r A% (10

1£, 16
&2 &2
~&/2 -8/2
0% 0z 0 o0z 0% b % or 0 0z ok v

FIG. 2. Local energy levab* of an adatom as a function &, in the presence of theband. The unit of energy is the gdpand §=0.2,'=0.25. y/I'=0.5
() andy/T'=1 (b).
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lower gap 1, it shifts toward the top of the valence baide It is readily seen that the shift of an adatom level toward

note that the greatest shift is displayed by levels lying neanegative energies gives rise to an increase in its population.

the top of thei-band. If we now look upon the ratid/A as a small parameter,
We must now consider the population of the adatom. Itave can show that

population is 1 E-A-E, (SAI2) +E,
1 Er Zi=ﬁ arctf —— | +arctg——— | {, (20)
n,=—Im f G(w)dw. (11) Y
™ - whereA=1—-C. We know that, whatever the sign &f the
We shall writen, in the form of the sum quantity Z; is always positive. The functioZ;(E,) has a
maximumZ; ax for the following relationship between the
Ng=2Zp+tZy+2Zi+2,, (12 two diameters:
whereZ,, represents the contribution due to the hybridization S P
between the stat¢ga) and occupied states in the valence Ea=§ EF—E)A, |EF|$§, (21
band:
] 1 fEV I ; " We then have
=— .
I max 7TA 2,), .
The quantityZ; represents the contribution of théband: )
We note that the dependence fifon the Fermi energ¥
7 = 1 JEF Y de (14) (for standard values of the parameters of the problem
7)o [0—Ea—A(w)]*+y* nearly linear.

. . . The functionZ, , peaks at
Naturally, this expression is valid only fai/2=E;= — §/2. HnetionZ.2p

WhenEg< — §/2, we haveZ;=0. Ez o= 0* —A(0*),
The population of the local levels in the loweZ,() and

upper Z,) gaps can be determined from the forntfila where

dA(w)|? N \/—A2r+52 =\ysITA 23
Z1=|1- —5o , (15) @ m=3 Ttr @ TVrela @3
“12 HereZ, max_ Z, max_ Z, max_ Zmax and
which in our case leads to 41412 TA |7t
2 14 1 T'A N v6 ” -1 16 Zmax= AZ_ 2 (29
12— _ 2__ 2 2_ 2
7 [(A) =~ 0 o =(42) o, The functionsZ,(E,) and Z,(E,) are mirror reflections of

_— . one another relative to the center of thband.
Naturally, these contributions are also realized only whenthe i) populatiom, of the adatom is shown in Fig. 3
local Ieve_l lies belqw the Fermi level. . as a function of the position of the Fermi level. For simplic-
The integral glven_by(1_3) can be evaluated approxi- ity, the functionZ;(Eg) is approximated by straight lines in
mately. We shall begin with the c_as¢=0 (defect-free all cases. Figure 3 shows the results for the defect-free
mode). It can be shown that, approximately, (dashegland defectsolid) models. It is clear from the figure

A/2+Ea that the maximum difference between the population num-
Zo(y=0)=_—arctg—y—, (17)  bersn, in the two models occurs wheh, andEr lie close
to the center of thé-band. However, if the energy level of
where the atom is shifted toward the edges of the bafddence
_ I 1+R and conductio)) the difference between the population num-
E.=E,+ p In 1R’ R=+1+(4I'/7A). (18)  bersn, for the two models becomes appreciable only for

small values of Eg|.

The formula given by17) provides a qualitative description

of the dependence @, on the parameters of the problem, 3. ADSORPTION OF METAL ATOMS ON p-type

e.g., on the position of the levé, (see Fig. 3 in Ref. 10 SEMICONDUCTOR AND FORMATION OF THE SCHOTTKY
which constitutes an upper bound, i.e., it tends to overestiBARRIER

mateZ,. We recall that the sum of all the contributions to . . .
. . At present, the formation of a Schottky barrier during the
the adatom population, [see(12)] must not exceed unity. : . .
.~ adsorption of metal atoms grntype semiconductors without
If we now turn to the defect model, we must take into . .
surface defects is commonly described as folldwe are

account the fact that, for energies corresponding to the va- .
. . concerned here with low substrate temperatures when metal
lence band, the quantit§/2|w| is a small parameter. It can

then be shown that allowance for théand leads in the first islands cannot b_e formed "™ States induced_by adsorbed
approximation simolv to a shift of the level. - metal atoms fall into the band gap of the semiconductor. For
P Py ar p-type doping, electrons from localized states leave for the

E,—E.—2(ydlwA). (19 interior, creating a positive charge on the surface and a nega-
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tive charge in the interior, which leads to the upward bandf the adsorbed atom and semiconductor atom to which the
bending near the contact. This bending depends on the suadatom is directly coupled. The density of stapgsis esti-
face concentration of the adatonidegree of cover The  mated by analogy with the Friedel model:

band bending continues until the Fermi level on the surface

crossegcoincides with the adatom level. For the most ex- po=4Wy, (26)
tensively investigated metal-GaA$10 system with accep- \\nereww, is the width of the valence band of the semicon-
tor concentration 1§ cm™3, this occurs when the degree of ductor that contains four electrons per atafor GaAs
cover is of.the order of 0.01 monolaydiRef. 11). It is clear W, =12.5 eV: Ref. 13 Table | lists the calculateH, andl“,
that, for this type of cover, the adatoms can be regarded 43ee variant). The ionization potentials and atomic radii are

isolated. Consequently, we are entitled to use our model iRy on from Ref. 16. We considered adsorption on the Ga
calculations involving the Schottky barrier. atom.

Let us consider the adsorption of metal atofis=Na, The second method of determiniiigs as follows. As is
K, Rb, Cs, Cu, Ag, Au, Al, Ga, Inon the(110 surface of = yone jn quantum chemistry and in the theory of alloys, we
p-type GaAs. We assume a band gap-1.52 eV(Ref. 12 55qme that the matrix elemenMg= (t,t,)*? wheret, and
and electron affinityy=4.05 eV (Ref. 1. The midpoint of "5 the interatomic matrix elements of the adsorbate and
the gap from which the energy is measured lies below thejgq hent respectively. On the other hand, in the tight-
vacuum level at the distance+A/2. The atomic level en-  pinging theory the width of the valence band of the semicon-
ergy relative to the midpoint is ductor is W\,=2n.t;, where ng is the number of nearest
E,=—1+x+A/2, (25)  neighbors. If we again use the Friedel model for the density

. L . of statesp,,, we obtain
wherel is the ionization potential of the adsorbed atom. b

The parametel’ = wpbvﬁ can be estimated in two ways. T
First, we can consider the interaction between|te) or- I'= 2 ty. (27)
bital of the semiconductor and ths), orbitals of the metal
atoms(in the case of the alkali metals and Cu group metals Table | lists the values df calculated from(27) (variant 2.
or |p), orbitals(in the case of Al, Ga, and JnWe can then Figure 4 plots the calculate@* —E,, as a function of the
setV, equal to the universal Harrison matrix elemard  ionization potential of the metal atoms. It is clear from the
(Refs. 13 and 14 We then find thatvV,=—14.4d and figure that, in variang, w* —E, is an almost linear function
V,=—20.0602 for the |sp®)—|s), and [sp®)—|p)a, re-  of I (with the exception of Ay whereas in variant 1, the fall
spectively(d is measured in A andt,, in eV). The adsorption in »* —E,, slows down with increasint. The experimental
bond length i®=r ,+r  wherer, andr s are the atomic radii  data are shown in Fig. 8Refs. 1 and 8 Comparison of the

TABLE |. Model parameters used to calculated the Schottky barrier formed by metal atoms adsombégherGaAs(110).

Calculation
Quantity variants Na K Rb Cs Cu Ag Au Al Ga In
—E,/A 0.22 -0.31 -041 -0.61 1.68 1.82 291 0.77 0.78 0.64
r7a 1 1.23 0.69 0.61 0.53 2.70 214 2.14 4.21 4.46 3.08
/A 2 0.78 0.57 0.44 0.38 1.59 1.24 1.25 214 2.93 1.65
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0.4F
the other hand, quantitative results are difficult to obtain be-
A cause we do not have the values of the parametensd 6,
0.2y Cw . .
o4 since the nature of the defects produced on the contact is
g AAu, unknown?
E 1 A ! ] 1 le We have thus been able to use a single model to provide
vy 5 6 I aZ 8 9 a qualitative(and, in the absence of defects, a quantitative
"

explanation of the experimentally observed tendencies ac-

FIG. 4. Position of local levels of the metal atornslative to the top of the companying the formation of the SChOttky barrier on the

valence baridadsorbed on the GaAs surface as functions of their ionizationMetal-p-GaAs (110) contact.
potentialsl. The digits1 and2 refer to the two variants in Table I.
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A thermodynamic model is given for the molecular-beam epitaxy formation of InSb, GaAs, and
AlAs heterointerfaces inAl, Ga)Sb/InAs heterostructures. The maximum critical

temperature of formation of a planar InSb-type heterointerface dAlaGa)Sh layer,T~390 °C,

is determined from a comparison of the pressure of I8blecules in the external flux with

their equilibrium value above a stressed monolayer on a heterointerface and is found to be in good
agreement with existing experimental data. In contrast, the critical temperature of formation

of a heterointerface of the AIA&GaAs type, corresponding to the onset of rapid reevaporation of
As, is much higher than the growth temperatures normally used in molecular-beam epitaxy
(350-550 °¢. © 1997 American Institute of Physid$$1063-782307)02310-7

INTRODUCTION In)As, and SGa—AgIn can be portrayed as the initial stage

In addition to the usual technological factors underlying®f Pseudomorphic growth, i.e., growth on a substrate
the production of high-quality layers in the development ofstrongly mismatched with the epitaxial layer in terms of their
molecular-beam epitaxMBE) technology for the growth of lattice parameters; this stage has been investigated previ-
efficient radiation sources usir@l, Ga, In)(As, Sh hetero-  ously for the MBE growth of GaSb on a GaAs substtated
structures with a quantum well and short-period superlat®f INSb on GaAs(Ref. . By analogy we assume that the
tices, the type of chemical bond at th&l, Ga)Sb/InAs het- elastic stress generated in the formation of the transition
erointerface in the quantum well and the existence ofnonolayer on the heterointerface produces a marked increase
stressed, short-period superlattices must also be taken intd the partial pressure of the group V element above this
consideration. The problem is that the transition throughmonolayer. As a result, an equilibrium pressure of this kind,
such a heterointerface is accompanied by a simultaneolhich increases as a function of the temperature, can exceed
change of the atomic species in both the cationic and théhe value customarily used in MBE for the pressure of
anionic sublattices, and the atoms arrange themselves in tw@0Uup-V molecules in the external flux (18-10"° Torr).
possible configurations at the heterointerface: An “InSb-This phenomenon can deplete group-V atoms from the sur-
like” heterointerface is formed when the InAs layer termi- face of the monolayer formed on the heterointerface and, as
nates in In atoms, while the £6a)Sb layer begins with Sb @ result, make it impossible to form a perfect heterointerface
atoms. In the second case As atoms from the InAs layer an@lf the type required. In this case the two-phase (gadid
Al or Ga atoms from the AGaSb layer create an Phas¢ equilibrium is replaced by three-phase déguid
“Al (GaAs-like” heterointerface, on which Al-As or Phase-(solid phasg equilibrium. In the given situation,
Ga—As bonds form. therefore, it is necessary to investigate the equilibrium pres-

It has been shown earlier that each type of heterointersures of molecules of group-V elemeii#ss,, Shy) above the
face can be deliberately created in MBE growth by proper|ycorresponding liquidus of group-IIl elements for each binary
sequencing the operation of the individual shutters for the&€ompound capable of forming at the heterointerface in the
Al(Ga), Sb, In, and As molecular bearh&he type of het- Presence of high elastic stress.
erointerface has also been observed to have a significant in- The reaction of formation of 1ll-V: compoundsvhich
fluence on the electrical and optical characteristics of th&ve denote by AB from now on, A standing for In or Ga, and
quantum welf with considerable preference for heterointer- B for Sb or Ag in MBE (evaporationand the corresponding
faces of the InSb type. Further detailed Raman scatterin§ffective-mass equation have the form
studies of heterointerfaces have revealed major difficulties in

preparing heterointerfaces of the AlAs type at growth tem- Ay, E(Bn)gasz ABgg, (1)
peraturesT ;> 350 °C(Ref. 3, as well as an explicit growth-
temperature dependence of the intensity of the peak created Kgsl(T)z PA(Pg) Y, 2

in the Raman spectrum by a heterointerface of the InSb type; _
this dependence was interpreted as an increase in the roughhere Ajps and (By)gas are the molecules in the gaseous
ness of the formative InSh-type heterointerface as the growtRhase, AB, is the compound AB in the solid phaseis the

temperature is increaséd. number of atoms in a group V molecuie=2 for As (Ref. 7)
andn=4 for Sb(Ref. 5 in the range of growth temperatures
THERMODYNAMIC ANALYSIS T, of interesi, Kag(T) is the equilibrium constant of the

In the thermodynamic context the formation of hetero-reaction(2), andP, andPg are the equilibrium partial pres-
interfaces of the type ABb—InAs, SHAI-As)In, GaASb—  sures above the surface of AB. The minimum pressure of
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group-V molecules in the external ﬂle for the AB |ayer TABLE |. Lattice constanta, and elastic constant€,;, C;,, C,, for
. . Il =V compounds.
to grow without the formation on the growth surface of drop-

lets enriched with group-IIl element, at a given growth rate,compound ag, A Cyy Co Cus
i.e., for given values OPR andTg, can be written as (T=300 K) 10" dyn/cnt
1 GaAs 5.6533 12.10 5.42 6.04
0 _ 0 A-L A—-L

pB'mm__\/mB/mA( PO—-PA N +P5h, (3) AAs 5.6605 12.50 5.34 5.42
n InAs 6.0584 8.32 450 3.95
. . _ GaSh 6.0959 8.83 4.10 4.44
where m,/mg is the ratio of the molar masseBA™" and  Aop 6.1355 8.70 4.30 407
Pg" are the equilibrium partial pressures of group-Ill andinsb 6.4794 6.10 3.00 2.90

group-V molecules, respectively, above the liquidus of the
A—AB phase diagram for the compound AB, according to

Eqg. (1). Also, the equilibrium partial pressures of group-Ili .

atoms above the A—AB liquidus can be written in the form ©) InSb-type heterointerface on a GaSb buffesH;

L L =7.84x10 2 eV)
PAT"=P&[Alya, [A+[B.]=1, 4 .
A AlAdya. [AT+(BL] @ (P, ") sr=3.09x 10° exp( — 3.33KT)

where Pk, va, and[A_] are the equilibrium pressure of

group-l1l atoms above the pure melt, the activity coefficient Xy t(1-[Sh]) %, 9
of the element in the liquid phase, and the concentration o(r:) GaAs-type heterointerface on a GaSb buffexH,,
component A in the liquid phaseén mol.%), respectively; =2.07x10"! eV)

and [B, ] is the concentration of the component B in the

liquid phase. The activity coefficient is the quantity (P/Ci‘sz_l')sn: 8.98x 10" exp( — 3.54kT), (10
ya=exd a(T)[B_]?/kT], (5) d) AlAs-type heterointerface on an AISb bufferAHg,
=2.11x10 ' eV)

wherea(T) is the interaction parameter in the liquid phase,
andk is the Boltzmann constant. The resultant expression for (Pﬁ's;L)stF 3.97x 10° exp(—4.02KT)
the equilibrium partial pressuné’g‘L in the growth of com-

: . . -2 -

pounds with matched lattice parameters can be obtained X ya (1-[As ]) 72 (11)

from (1) and (4): Here the activation energies are given in eV, and the pressure
(Pé—L)l/n: K;Blpﬁ_l_ . (6) |n atm

For the pseudomqrphic, heteroepitaxial grqwth of a MONORESULTS AND DISCUSSION
layer at a heterointerface we must take into account the

stress-induced additional Gibbs free enefy§.;, with the Figure 1 shows the above-calculated temperature curves
corresponding change of enthafpy of the equilibrium partial pressures of As and Sb over the

) corresponding stressed compounds of the heterointerface
AHg=2G[(1+v)/(1-v)]Vyl(a—ag)/agl”, (7)

monolayers and, for comparison, the equilibrium pressure of
where v=Cy,/(Cy;+Cy,) is the Poisson ratioV,, is the antimonyP'S”bZL (curvel), calculated according to E¢6) for
molar volume of the buffer layeiin m3/mol), G=1C, [for the homoepitaxial growth of InSb/InSb. The dotted curves
the (100) surfacd, andCy;, Cq», Cas, anda are the elastic represent th_e minimum requi_red pressures in the external
constants and lattice constant of the unstressed binary corfluxes of antimony and arsenic molecuksee (3)] for the
pound formed on the heterointerface. Si&™", which is growth surface to be enrllched with a group-V element in the
the pressure above the A—AB liquidus, does not change i§rowth of pseudomorphic InSb and GaAs layers on the sur-
the presence of stress, it is the only variable parameter in E¢@c€ of AISb and GaSb buffer layers at various growth rates.
(1) due to the variatioh Gg,. If it is valid to assume that the 't iS evident from the figure that the formation of an
crystal order is invariant in pseudomorphic growth of a!NSb—type heterointerface on AISb or on GaSb causes the
monolayer on a buffer layer, the reaction entréyemains p_artl_a_l pressure of Sb above thedmSb liquidus to increase
constant, i.e.ASy,=0. Consequently, using the appropriate Significantly (by more than two orders of magnitudeto
constants from Table | and the temperature dependencé$essures normally used in the growth(af, Ga)Sb, at criti-
from Table 11, we can write the equilibrium partial pressures¢@l temperature$c~390 °C andl¢~380 °C for AlSb and

of group-V molecules above the A—AB liquidus as follows QaSb buffer layers, respectively. A further increase in the
for the pseudomorphic formation of a monolayer at a heterolncrement of the growth temperatufg aboveT¢ could lead

interface: to the rapid reevaporation of Sb from the surface, preventing
a InSb-type heterointerface on an AISb buffer the formation Qf a homogeneous, planar monolayer of InSp
(AH,=6.34x 1072 eV) on the heterointerface. The results of our thermodynamic
analysis are in good agreement with the experimental results

(P, sr=3.09< 10'° exp( —3.39KkT) of Seta et al'? who have shown that the deliberate implan-

4 4 tation of an InSb monolayer on an InAb/AISb heterointerface

Xy (=[S D™, (8 atT,>400 °C tends to suppress the oscillations of the dif-
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TABLE II. Reaction equilibrium constanté .3 , pressure®k of group-Ill atoms above the pure melt, activity coefficieatsand concentration@B, ] in the
liquid phase for IV compounds.

Parameter InSb GaAs AlAs

Kao 7.68x 10t exp(—3.31KkT) 2.73x 10'%exp(—4.72KT) 1.63x 10Mexp(—5.39KT)
PL, atm 1.03X 10Pexp(—2.4KkT) (Ref. § 2.73x 104%exp(—4.72kT) (Ref. 10 8.18x 10Pexp(—3.17kT) (Ref. 9
[BL], mol% 47exp€0.33kT) (Ref. 1) ~0 (Ref. 11 26.6exp-1.08kT) (Ref. 12
a(T), eV (Ref. 1)) (0.147-5.2)X10°*T (0.223-3.93)x10°*T (—0.276-2.38)X 107 4T

Note: The numbers in brackets give the literature references for the values of the parameters.

fraction of high-energy reflected electrons. Setal? have the AlAs and GaAs type*'®are mostly likely attributable
observed that the intensity of the-8b mode in the Raman to the temperature dependence ofAb exchange reactions
spectrum of InAs/AISb structures grown at various temperaat the heterointerface or to breakdown of the structure of the
tures increases systematically®gsis increased. This behav- AlAs monolayer formed on AISb when the critical thickness
ior was attributed to an increase in the number of 8b s less than one monolay¥t,and not to stress-induced As
bonds at the heterointerface, i.e., an increase in the roughnedspletion of the surface.
of the heterointerface. The slope of the intensity It therefore follows from the submitted thermodynamic
temperature curve increased abruptlyTat=440-450 °C;  model of the formation of arfAl, Ga)Sb/InAs heterointer-
this event can be identified with the start of rapid reevaporaface with a quantum well that the large stress-induced in-
tion of Sb from the surface of the monolayer. crease in the equilibrium partial pressure of group-V element
In contradistinction to the formation of an InSb-type het- above the formed monolayer can inhibit the formation of the
erointerface, it is evident from Fig. 1 that the maximum tem-desired type of heterointerface at growth temperatures such
peratures of formation of GaAs or AlAs monolayers on anthat the given pressure exceeds the pressure in the external
(Al,Ga)Sb/InAs heterointerface with a quantum well areflux. This behavior can be manifested as an appreciable in-
much higher than the temperatures used in the MBE of theserease in the roughness of the heterointerface due to the
heterostructure850-550 ° O, despite the greater mismatch depletion of group-V atoms from the monolayer. The maxi-
with the GaSb or AISb buffer layer in terms of their lattice mum temperatures corresponding to the formation of a ho-
parameters. This result suggests that the difficulties previmogeneous, planar heterointerface of the InSb type are
ously encountered in the preparation of heterointerfaces of -~390 °C andl-~380 °C for AISb and GaSb buffer lay-
ers, respectively. The given values of the critical tempera-
tures are in good agreement with experimental data. In the

T, °C thermodynamic model planar heterointerfaces of the type
4 650 600 550 500 450 400 350 AlAs and GaAs can form over the entire temperature range
10 % W, ' 300-550 °C.
. Based on the foregoing analysis, a technology has been
107} developed for the formation of InSb interfaces on an
(Al, Ga)Sb/InAs interface, completely devoid of bonds of the
107 Ga—As type. The objects used as test samples were
- guantum-well AISb/InAs/AISb structures with a two-
E 10-"} dimensional electron channel, in which the carrier mobility
iy depends critically on the type of interfateThe attainable
1070} electron mobilitiegabove 200 000 cAi(V-s) at T=4.2 K]
and the presence of only the peaks in the Raman spectra,
107 which correspond to the taSb mode, are conclusive evi-
dence that heterointerfaces of the type InSb are indeed
10 formed.
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Influence of the quality of the heterointerface on the cyclotron resonance spectra
of InAs/ (AlGa)Sb heterostructures

Yu. B. Vasil'ev, S. D. Suchalkin, S. V. Ivanov, B. Ya. Mel'tser, A. F. Tsatsul’'nikov,
P. V. Neklyudov, and P. S. Kop’ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted April 15, 1997; accepted for publication April 22, 1997
Fiz. Tekh. Poluprovodr31, 1246—1248 October 199y

Cyclotron resonance is measured in solitary type-1l InAs—AlGaSb quantum wells grown by
molecular-beam epitaxy under various growth conditions. Quantum oscillations observed in the
cyclotron resonance spectra in InAs—GaShb samples are attributed to scattering by a short-

range potential due to roughness of the heterointerface. A new method based on measurement of
the cyclotron resonance spectra is proposed for assessing the quality of the heterointerface.

© 1997 American Institute of PhysidsS1063-782807)02410-1

1. INTRODUCTION 2. EXPERIMENTAL PROCEDURE

The properties of heterostructures are known to be de: The samples were structures with solitary GaSb—InAs—
prop GaSb and AlISb-InAs—AISb quantum wells grown by mo-

termined largely by the surface quality of the heterointer-Iecular beam epitaxy on Gaf@01) substrates. The proce-
faces. In AIGaAs/GaAs heterostructures with quantum wellsyre used to grow a thick~2 um) GaSb/AlGa)Sb buffer

for example, the quality of a heterointerface formed by thegirycture is described in detail in Ref. 4. All the structures
deposition of GaAs on the surface of AlGaAs is far inferior were grown at a substrate temperature of 500 °C, which
to that obtained when AlGaAs is grown on a GaAs surfacemakes it very difficult to form a solitary heterointerface of
this condition leads, for example, to poor transport characthe In—Sb type, almost regardless of the barrier material,
teristics of a two-dimensional electron gas in modulatetbecause of the strong reevaporation of Sb from the strained
structures with a quantum well or with superlattices by com-nSb boundary monolayérHeterointerfaces were formed in
parison with solitary heterojunctions. Since the presence of the InAs/GaSb structure by switching the fluxes of group-V
heterointerface creates an additional mechanism of carri@lements onto the GaSb surface with a minimum holding
scattering by roughness of its surface, the quality of the inlime (3 s) under the As flux before turning on the In flux. In

terface can be assessed by measuring the carrier mobility @l other structures with InAs/AISb a single InSb monolayer
the quantum wellsee, e.g., Ref.)1 was specially grown on the AlSb surface with a more than

sixfold excess flux of Sb atoms above the flux of In atoms,

Here we propose a new method for evaluating the sur t hich the Sb and As fl itched simul
face quality of heterointerfaces by analyzing the cyclotronﬁegzs"l\; ich the and As fluxes were switched simulta-

resonance spectra. In contrast with other methods, it can be , .
Cyclotron resonance was measured at a fixed laser emis-

used to estimate the longitudinal dimensions of |rregular|t|essi0n wavelength) =119 um) by sweeping a magnetic field

ona hgteromterface and to determine the main type of SCaEiriented perpendicular to the sample surface. All the samples
terers in a structure, features that are extremely useful whe(yqre ground off to a wedge configuration to avoid interfer-
ever luminescence characterization is difficult, as, for exunce in the substrate. As a rule. the samples were addition-

ample, in type-Il INAs/GaSb structures with a discontinuousy|ly furnished with electrical contacts for measurements of
band gap at the heterointerface. It is well known that th&nagnetoresistance oscillations.

cyclotron resonance lineshape has distinctive characteristics The density and mobility of electrons in the two-
in the form of quantum oscillations in the case of short-rangalimensional InAs channel were measured by means of the
scattererg.These oscillations have been observed previoushHall effect in the temperature range 4.2—300 K.

in the system of a two-dimensional electron gas on a Si

surface® but the observation of such a cyclotron resonance. RESULTS AND DISCUSSION

lineshape in other materials has not been reported. We have _. .
observed quantum oscillations in a study of submillimeter. Figure 1 shows cyclotron resonance spectra obtained for
two solitary InAs quantum wells with differently configured

absorption in a solitary GaSb-InAs—-Gasb quantum welly, oo interfaces. The upper curve corresponds to measure-
We have carried out investigations that enable us to relatg,ens for a structure with GaSb barriers, and the lower curve
the cyclotron resonance lineshape to the presence of smallyrresponds to measurements for a structure with AlSb bar-
scale roughness on the surface of a heterointerface. riers. The two wells have essentially the same wittp-

The object chosen for the investigation was the systenproximately 20 nnhand similar values of the surface carrier
InAs/AIGasb, in which different types of bonds can be density in the two-dimensional InAs chanriepproximately
formed at the heterointerfadén—Sb or (Al)Ga—Ad, de- 3x10%cm ?) and the mobilty at 300K [~2.5
pending on the technique and conditions of its formation. x10* cn?/(V-s)]. However, the values of the low-
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greater detail. Normally, in strong magnetic fields the prop-
erties of the system depend on the distribution of carriers
among the Landau levels. Additionally, the characteristic
space scale of the scattering potential plays an important role
in the investigation of cyclotron resonance. As mentioned in
one survey, this influence is strongest for the cadexl,
where d is a characteristic length of the scatterers, and
| =(#%c/eH)'? is the magnetic length. When a set of condi-
tions is satisfied such that the Fermi level crosses the Landau
levels several times within the limits of the cyclotron reso-
nance line, the cyclotron resonance spectrum can acquire an
oscillatory structure. The onset of oscillations is a conse-
quence of the dependence of the absorption coefficient of the
two-dimensional electron gas on the density of states at the
2 Fermi level. As in the case of ordinary magnetoresistance
D oscillations, these oscillations are determined by the carrier
density and have a characteristic perioti Hlong the axis.
In accordance with theoretical predictichs) the range of
~ . lower magnetic fieldsv.<wq (wq is the frequency of the
sensing radiation, and,. is the cyclotron frequengythe ab-
sorption maxima coincide with the magnetoresistance
3 maxima, whereas at the edge of the absorption line, corre-
Hy T sponding to high magnetic fieldso({> wg), the magnetore-
sistance maxima correspond to absorption minima. It has
FIG. 1. Cyclotron resonance spectts 2 at A=119m and dependence been showhthat the presence of quantum oscillations is a
of the magnetoresistanceR/R on the magnetic fieltd (1', 2') for quan-  sign that the main type of electron scattering in the given
tum wells.1, 1') GaSb—InAs-GaSIZ, 2) AlSb—InAs—AISb. system is scattering by a short-range potential. The prime
candidate for the source of such a scattering potential is
roughness of the heterointerface with a characteristic length
temperature carrier mobility in the InAs/AISb structure shorter than the magnetic length. We can approximately es-
(2X10° cn?/(V-s), Ref. 6 are more than three times the timate the characteristic dimensions of this roughness from
values in the InAs/GaSb structure, probably because of #he fact that for the given magnetic fieltts~3 T the mag-
higher-quality heterointerface. Significant differences, nothetic lengthl=15nm. This estimate gives a length of the
only in the width, but also in the shape of the cyclotronorder of several tens of angstroms. It is obvious that more
resonance line are observed in the cyclotron resonance sde.eCise estimation of the dimensions of the irregularities will
tra. require additional measurements over a broad range of mag-
The upper curve in the figure corresponds to a characnetic fields. The observation of quantum oscillations in the
teristic lineshape clearly indicative of quantum oscillations.absorption in the system InAs/GaSh is for the most part abet-
The prominent features of the cyclotron resonance line corted by a sufficiently high electron density in the quantum
respond to magnetic fields at which the Fermi level coincidegvell (more than 18 cm2), for which small-scale rough-
with one of the Landau levels in accordance with the theoness plays an especially major réle.
retical predictions of And8.This statement is further cor- Such a significant difference in the cyclotron resonance
roborated by measurements of the magnetoresistance oscillgpectra of the two structures, which is consistent with the
tions using a two-contact procedure, conductedresults of low-temperature Hall measurements, can be attrib-
simultaneously with absorption measurements. It is evidentted to a departure from planarity and probably to a local
that the oscillations on the cyclotron resonance line correlatgariation in the type of bond at the InAs/GaSb heterointer-
with the magnetoresistance oscillations. Control measureface as a result of the substitution of As atoms for Sb atoms,
ments in oblique magnetic fields have shown that the quana reaction that is greatly accelerated at high temperatures,
tum oscillations in the absorption shift identically with the whereas in the InAs/AISb structure the type of bond at the
magnetoresistance oscillations and, in accordance with thieeterointerface is predominantly In—$Ref. 6 in the pres-
expected behavior of the two-dimensional electron gas, aance of substantially better planarity.
cording to the law of the cosine of the angle of inclination. In addition to scattering by surface roughness elements,
Conversely, for a structure with a quantum well of the another possible cause of the onset of quantum oscillations in
type InAs/AISb quantum oscillations are not visible on thelnAs—GaSb structures could be the presence of a nearby
cyclotron resonance line, and the linewidth is much smalletayer of holes in the valence band of GaSb. Indeed, the
than for the upper curve. The splitting of the pe@dwer screened hole gas has the properties of a short-range scat-
curve in Fig. 1 is not associated with the kind of filling of terer, which in principle is capable of leading to quantum
the Landau levels; its nature is discussed in another gaperoscillations in the absorption. Additional experiments have
We now discuss the cause of the quantum oscillations ilbeen performed on a series of InAs/AISb/GaSb samples, in

AR/R, ard. units

Absorption , ard. units

1 L i
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which the width of the barrier between electrons in InAs and  This work has received support from the Japan Society
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Deep-level transient spectroscopy in InAs/GaAs laser structures with vertically coupled
guantum dots
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M. V. Maksimov, and N. N. Ledentsov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted March 6, 1997; accepted for publication March 19, 1997
Fiz. Tekh. Poluprovodr81, 1249-12550October 199y

Indium arsenide/gallium arsenide structures with vertically coupled quantum dots imbedded in
the active zone of a laser diode are investigated by deep-level transient spectroscopy

(DLTS), and the capacitance-voltage characteristics are analyzed. The DLTS spectrum was found
to undergo significant changes, depending on the temperature of preliminary isochronous
annealing of the sampld,,<T,.=245K orT,>T,., and on the cooling conditions, with a bias
voltageV,=0 or with an applied carrier pulsé;>0. The changes are attributed to the

onset of Coulomb interaction of carriers trapped in a quantum dot with point defects localized in
the nearest neighborhoods of the quantum dots and also to the formation of a dipole when
T,<T,c and cooling takes place wité{;>0, or to the absence of a dipole whég>T,. and

V,=0. It is discovered that the tunneling of carriers from the deeper states of defects to

the shallower states of quantum dots takes place in the dipole, and the carriers are subsequently
emitted from the dots into bands. ®997 American Institute of Physics.

[S1063-78287)02610-

1. INTRODUCTION Ref. 6. Another method with a successful record in the char-
acterization of quantum dots and the determination of a num-

Research on heterostructures with spatial confinement dfer of electrical parameters is capacitance-voltégeV)

the carriers in three dimensions has attracted growing interespectroscopy.

in recent times. Structures of this kind are of major impor- In the present article we report the results of an experi-

tance from the viewpoint of their fundamental properties andmental study of heterolaser structures with an active zone

hold considerable promise for applications in optoelectronbased on an array of vertically coupled InAs/GaAs quantum

ics. Arakawa and Yarivhave predicted theoretically the po- dots, using th&€€-V and DLTS methods. We have found that

sition of the threshold laser current density and a significanthe DLTS spectra contain peaks associated with deep states

increase in its temperature stability. We have now succeedeaf known defects and impurities and also with quantum dot

in generating radiation through the ground state of quantunstates. We have observed for the first time the Coulomb in-

dots up to room temperature in injection heterolasers with ateraction of carriers localized in quantum dots and in deep

active zone utilizing vertically coupledin, GgAs/GaAs impurity and defect states. We have disclosed carrier tunnel-

guantum dots. This type of laser has an unprecedented rooring effects between states in a vertically coupled array of

temperature threshold current density of 100 Al¢Ref. 2. guantum dots and deep impurity and defect states.

On the other hand, the specific conditions under which the

guantum dots are grown, above all the low growth tempera-

ture of the GaAs layer covering the dots, are conducive to thg SAMPLES AND METHODS OF INVESTIGATION

formation of point defects in the vicinity of a quantum dot, The laser heterostructures were grownndnGaAg100)

which act as centers for the trapping and nonradiative reconsubstrates. The active zone, which consists of an array of

bination of nonequilibrium carriers. At near-room tempera-vertically coupled quantum dots, was placed in the middle of

tures the thermal emission of carriers from the dots and theia p°-GaAs layer of thickness 0.12m bounded on both

retrapping by defects can only lower the quantum efficiencysides by AIA$20 A)GaAg20 A)x 15 short-period superlat-

of radiative recombination. Further optimization of the activetices. The quantum dot array was formed by the sixfold

zone of quantum dot lasers requires investigation of the padeposition of InAs layers of thickness 5 A separated by a

rameters of the quantum states of such structures, the preSaAs spacer layer of thickness 50 A. The dots had a square

ence of defects and impurities with deep levels, the interachase with sides oriented along tf@01] and[010] directions

tion of charged defects with carriers localized in the quantumand formed a primitive square lattice in the horizontal plane.

dots, and the tunneling of carriers between deep states arithe laser structures were grown in standard geoni@tith

guantum states. separate confinement of the electron and light beaifise
Deep-level transient spectroscofPLTS) is the most geometry of the laser structure is similar to that described in

effective method for the spectroscopy of deep-level defect®ef. 2. At room temperature a strong linerat=1.1 eV is

and impuritiess This method has been very successful inobserved in the photoluminescence spectra of such a

application to the study of quantum wefislts potential for ~ structure? because of the ground state of electrons and holes

the investigation of quantum dots was first demonstrated in the tunnel-coupled dots. The quantum states of the dots,
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FIG. 1. Profile of the distribution of the effective carrier dengityfor laser
structure with six rows of InAs/GaAs quantum dots plotted as a function of
the thickness of the space-charge layery at various temperatured)
T=86K; 2) 122K; 3) 170K; 4) 200 K. The vertical bars indicate the ~4 |
boundaries of the waveguide and the emitter; the position of the quantum T
dots is labeled QD. N e1* £2

DLTs signal,10
o

- 1

2 [
the deep levels of defects and impurities, and the profiles of 80 720 760
the carrier distribution in the laser heterostructures were in- T,K

i — using a BIO-
vestigated by DLTS and-V spectroscopy 9 FIG. 2. DLTS spectra of a laser structure with six rows of InAs/GaAs

RAP DL4600 spectrometer Operating in the dual,_gate ir"'[e'quantum dots for various isochronous annealing temperatges1.06 V,
grating mode. A Boonton-72B bridge operating at av,=1.71v.1) T,=250K; 2) 245 K; 3) 240 K.
frequency of 1 MHz was used for the capacitance measure-

ments. This device has a sensitivityC/Cy~10"%.

1 {
200 240

thanV;. Special measurements of the forward current were
not performed. For the DLTS measurements in the tempera-
ture range(80-260 K the total capacitance of the sample
The carrier-density profiles were determined from thewas easily compensated. The DLTS spectrum was also un-
C-V characteristics measured at various temperatures in theffected by switching of the measurement range of the ca-
range 80—300 K. Figure 1 shows the profiles of the effectivgpacitance bridge and the connection of a resistance in series
hole-density distributiorp* (x) determined from theC-V  with the sample. This fact is indirect evidence that the for-
characteristics. A¥=0 the space-charge layer takes up al-ward current was insignificant and did not produce an appre-
most the entire waveguide, including the active zone consistiable change in the capacitance of the sample, and that the
ing of six rows of quantum dot arrays and a wetting layer. AsconditionR Cw>1 was satisfied. Moreover, if not mentioned
the reverse bias voltage is increased, the space-charge laygsecifically, all the measurements were performed in dark-
broadens in the direction of thE" -emitter. To determine the ness. Prior to each measurement the sample was subjected to
profile of the effective hole density in the active zone andisochronous annealing for 1 min at a fixed temperature. The
waveguide, th€-V characteristics were measured by apply-annealing temperature was varied in the inter¢240—
ing a forward bias voltag¥; to the structure. Samples were 300 K. The sample was then cooled To= 80 K with a for-
specially selected with a high cutoff voltage on the curveward biasV; or with V,=0. Then the DLTS measurement
1/C?=1f(V), making it possible to determine tip# (x) pro-  procedure was initiated with the sample heated to 300 K. It
files in these regions. It follows from Fig. 1 that a peakwas established that the DLTS spectrum depends on the iso-
(labeled QD in Fig. 1associated with carrier accumulation chronous annealing temperatdrg(Fig. 2). The critical tem-
is observed at the center of the GaAs waveguide, where theerature of transition from one type of spectrum to another
active zones with the quantum dots and the wetting layewasT,.=245 K (Fig. 2, curve2). The DLTS spectrum rep-
should reside. The position of the maximum of this peakresented by curvéd in Fig. 2 was observed af,>245 K,
depends on the temperature at which @V characteristics and the spectrum represented by cuBs/evas observed at
are measured. Since the regions of interest to us appeardg< 245 K. Also, the DLTS spectra measuredTgk 245 K
only after the application of a forward bias voltage, it wasdepended on whether the sample was cooled Wittor at
necessary to modify the DLTS method for the determinationv;>0 and also on the value &f,. The thermal activation
of spectra associated with carrier emission from the quanturenergiesE, and the capture cross sectiamg , of the levels
dots and deep-level traps. In accordance with the results afbserved in the spectra were determined from the Arrhenius
the C-V measurements, the carrier pulse was transmitted ifelations for these level§able l). The corresponding carrier
the forward direction and varied in the interval emission rate was determined from the relation
V;=(1.7-0.95)V. This pulse had a duration ofus. Also
sefznt(in the forv?/ard direcF:ion was a voltage pulse, at the level e”*P:AU“'PTS/Z exp—E4/KT), @
of which the DLTS signal was recorded. This voltage waswhereA is a constant independent ©f andk is the Boltz-
varied in the intervaV,=(0.9-1.6)V and was always lower mann constant.

3. RESULTS
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TABLE I.

Level Energy Capture cross Level

symbol E,, meV sectiono, cn? identification
Ta>Tac

El 111 1.x10°Y

E2 235 1.%10 EL14 (Refs. 10 and 11

E3 426 410 Nig, (Ref. 12

H1 194 2.5¢10° %6

H2 390 1.8<10713 HL5 (Ref. §

H3 420 1.6<10° HL4 (Ref. 8
Ta<Tac

E1* 110 5.2¢<10° %

H1* 194 2.5¢10° 18

H2* 420 1.6x10° % HL4 (Ref. §

Note: The parameters of théil and H1* states are determined for
Vp,=1.07 V andV;=1.60 V. In the last column the numbers in brackets
indicate the corresponding references.

To determine the spatial localization of the levels ob-
served in the DLTS spectra in the cases of isochronous an
nealing atT ;> 245 K andT <245 K, the spectra were mea-
sured whileV, andV; were variedFigs. 3a, 3b, 4a, and 4b
Unusual properties are exhibited by the levéll
(T,>240K) asV,, is varied(Fig. 33 and by the leveH1*
asV; is varied(Fig. 4b. As V, is increased, thél1 peak in
the spectra shifts toward lower temperatures with scarcely
any change in the amplitude and shape of the pulse. It ap
pears ai,=1.0 V and disappears &,=1.3 V. It is evident
from the results in Table Il that &f,=1.07 V the thermal
activation energy is equal to 194 meV, and g is in-
creasedE, drops abruptly to 132 meV and then slowly in-
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FIG. 3. DLTS spectra of a laser structure with six rows of InAs/GaAs
guantum dots after isochronous annealindl at245 K and precooling at

creasgs._An !ncrease WA, corrgspoan to a decrease in the zero bias {/,=0). @ Measured a¥/;=1.64 V with various biase¥,: 1)
electric field in our case. A¥; is varied, a peak appears at 1.07V; 2) 1.15V; 3) 1.20V; 4) 1.25V; 5) 1.30V. b Measured at

Vi>1.4V and goes to saturation af;=1.7V. These

changes correspond to localization of the peak and the profiﬂar69 V.

of the carrier distributiop* (x) (Fig. 1). As V,, is increased,

V,=1.07 V for various carrier pulse amplitudes: 1) 1.40 V;2) 1.59 V;3)

the H2 andH3 peaks of the DLTS spectrum disappear, a”dEa=110 meV. The DLTS peak of thE1* level, unlikeE1
an E3 peak appears, providing further evidence of their spagng |ikeH1* . is broad.

tial localization. The amplitudes of thd2 andH3 peaks do

not depend on the amplitude of the carrier pulse. In isochroy piscussiON OF THE RESULTS

nous annealing af,<245 K (Fig. 4) the E1,H1, andH2
levels vanish, and thEl* andH1* levels appear. The po-

the H1* level varies from 194 meV to 89 meV a¢g; is
increased from 1.2 V to 1.6 {Table Il). The amplitudes of

The deep-level parameters determined from the Arrhen-
sition of theH1* peak in the DLTS spectra depends on thelUs relations(Table ) and the observed trends in the varia-

amplitude of the carrier pulse and shifts toward higher temiion of the DLTS spectra(*Figs. 2-4 provide a basis for
peratures a¥ is increased. The thermal activation energy ofidentifying theH2,H3,H3*,E2, andE3 peaks with well-

the corresponding peaks remained essentially constant at all

(Fig. 4b. Another prominent feature of thé1* peak is the

known levels from previous papetst? The parameters of
the H2 level are close to those of theL5 level first ob-

TABLE Il. Dependence of the thermal activation energies of lte and

fact that it has considerable width and on the high-H1* levels onv, andV;.

temperature side makes a smooth transition ta-HB& peak

(Fig. 4. TheH1* andH3* peaks decrease with increasing

T.<245K, V,=0.9V

T,>245K, V;=1.64V

. . . E, meV VpV E, meV

value ofV,, and vanish a¥,=1.3 V. This behavior further ' 2 b 2
confirms their spatial localization. The variation\éf is ac- 1.2 89 1.07 194
companied by a change in the amplitudes of kh&* and 14 103 1.15 132

* X 15 132 1.20 156
H3* peaks. The concentration of these centers decreasg% 194 195 163
considerably forvV,>1.3 V. The activation energies of the 1.30 184
E1l andE1* levels are very close to each other, with a value
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level observed in Ref. 12 and has been attributed to a sub-
stitutional Ni impurity in the Ga lattice. This defect is local-
ized in the neighborhood of the quantum dot on the side of
the n™-emitter. The formation of defects associated with Cu
and Ni impurities is probably attributable to the presence of
residual contaminants in the epitaxial growth sources.

As for theH1 andH1* levels, their behavior as a func-
tion of the isochronous annealing conditions, temperature,
and variations oV, andV; (Figs. 3 and # defy interpreta-
tion if they are linked to any kind of defect, including the
bistable variety® The position of the41* peak in the DLTS
spectra depends on the annealing temperdkige 2) and on
the cooling conditions\{;>0 orV,=0) and changes in op-
tical illumination. This phenomenon is usually observed for
configuration-bistable defects, but it is not characteristic of a
metastable defect for the position of the maximum of a
DLTS peak to change a¢ is varied'® In studies of hetero-
structures by the total-conductivity metH8d® the effective
energy of the band discontinuity has been found to decrease
with decreasing temperature or the frequehey which the
conductivity and capacitance measurements are performed.
Similar variations in the thermal activation energy of carriers
in level-to-band emission have also been observed for a
quantum welf>®|n Ref. 16 the variation of the band dis-
continuity has been attributed to the presence of an “inter-
face dipole” formed by donors ionized in a thin layer
(<50 A) and to in-plane acceptors at a distance of several
tens of angstroms from the heterointerface. The authors pos-
- 1000+ tulate that the electrostatic potential of this dipole is sub-
| tracted or added to the dipole potential of the band disconti-
-2000}F nuity at the heterointerface. Since the distance between the
contaminated planes are of the same order or smaller than the
de Broglie wavelength of the carriers, upon crossing the het-
erointerface they “see” a new band discontinuity. The en-
FIG. 4. DLTS spectra of a laser structure with six rows of InAs/GaAs €M9Y E.=194 meV determined by us for thd1* level at
quantum dots after isochronous annealing at 245 V and precooling with ~ Vp=1.07 V andV;=1.64 V is much higher than for the wet-
V¢>0. @ Measured atv¢=1.64 V with various biase¥,: 1) 1.0V; 2)  ting layer if it is regarded as a quantum well. Grundmann
1._15 V; 3 1.30 V. b Measured a¥,=0.9 V for various carrier pulse am- et al” have observed a photoluminescence peak from the
plitudesVy: 1) L6V 2 15V 3 1.4V; 4 1.2V. wetting layer at an energy of 1.43 eV € 8 K); the width of

the band gap of GaAs at this temperatureEjs=1.51 eV.
served in GaAs grown by liquid-phase epité&Jhe corre- Consequently, the energy of the ground state of the quantum
sponding center comprises a complex of native defectsyell cannot exceed 80 meV. It can therefore be assumed that
whose composition includes an arsenic vacavigy(Ref. 9,  theH1* level is not associated with the quantum well of the
and it is formed in the presence of a Ga excess in the solutiowetting layer, but is a hole state of the quantum dot. The
melt. In our case a defect including,s can appear as the variations observed by us in the DLTS spectra with changes
result of a local deviation from stoichiometry during the in the isochronous annealing temperature and the cooling
growth of a heteroepitaxial GaAs layer and the formation ofconditions §;>0 or V,=0) most likely tie in with the fact
qguantum dots. The maximum density ldR2-type centers in that in cooling withV;>0 the allowed bands contain carriers
our samples wad\,=8.5x10' cm 3. Both theH3 peak that become trapped in quantum states in the quantum dots,
and theH3* peak have been identified as thd-4 level, thereby contaminating them. On the other hand, we have
which is associated with a Cu impurityThis state, like the already determined that the DLTS spectrum of deep-level
center with theH2 level, is localized in neighborhoods of the defects in the immediate vicinity of a quantum dot is similar
quantum dot on the side of the"-emitter. TheE2 andE3  to the spectrum customarily observed for GaAs prepared by
levels have also been identified with known levels. The cenliquid-phase epitaxy with an excess of Ga in the solution
ter with energyE?2 is identified with theEL14 level first melt. Also characteristic of GaAs prepared by this technique
observed in Ref. 10, and its appearance has prevituslyis the presence of a Gadefect, which is a double acceptor
been linked to the presence of Ni. This defect is fairly uni-with energy levels of 77 meV and 230 m&Ref. 18. These
formly distributed in the neighborhoods of the quantum dotlevels are not usually detected in the temperature range of
The E3 level is found to have parameters close to those of @ur investigation. Fo¥,>1.30 V we have observed only the
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“tail” of a level with a thermal activation energy of ergy increases rather slowly in connection with the tunneling
230 meV. Consequently, since the thermal activation energgf holes from the quantum dots, which depends on the elec-
of the levels of the Gg defect in the immediate vicinity of tric field of thep-njunction. The shape of the DLTS peak for

a quantum dot is lower than for the quantum stdte", itis  this level remains unchanged for all values\f. This fact
possible to have a temperature interval in which deep accemloubtless indicates that emission takes place only from one
tors still do not trap holes, are ionized, and have a negativguantum dot having the deepest state, to which carriers tun-
charge. The surface densities of \gand H2 defects and nel from shallower states out of smaller quantum dots. The
holespy trapped in a quantum d@Fig. 2), determined from  populations of the quantum dot states for a gi¥gndo not

the relatiofi change.
) Consequently, two different DLTS spectra containing
AC/C=pyL(2N,W?) peaks associated with quantum dots can be observed, de-

pending on the isochronous annealing temperature,
T,<Ta,.=245K orT,>245 K. Moreover, the DLTS spectra
obtained forT,<245 K does not contain any of the peaks
that exist in the spectra obtained fby> 245 K. The peak of
the E1* level broadens, and thé1* peak makes a smooth
transition on the high-temperature side to a broad band. In
several investigated samples prepared from the same plate
e have observed that the DLTS spectrum measured for
p=0 and T,<T,. changes its form to one in which the
1* andH1* levels vanish and th&1,E2,H1, andH2

(L is the depth of the quantum dot lay&¥, is the width of
the space-charge region, aNg is the density of acceptors in
the GaAs laye), coincide and~10' cm™2. The parameters
determined from the&C-V characteristic§Fig. 1) and DLTS
measurements (Fig. 2), including the values
AC/C~2.5x10"2 andN,~1.5x 106 cm™3, are used in es-
timating pq. The Coulomb interaction of holes localized in a
guantum dot with oppositely charged defects and impuritie
in its neighborhoods must lead to the formation of a charge
dipole. The dot-to-band thermal activation energy of carrier ) .
changes, possibly in connection with, among other factors, vels appear. We bellexe, therefore, that Bie andE1
change in the transmissivity of the barrier for carrier tunnel- evels and the1 _andHl Ieve_ls belong _to the same quan-
ing. To be recaptured in the quantum dot, the barrier musi™ dot. In the first, case, with annealing B{>T,; and

also be surmounted. By varyirig, andV; we alter the popu- cooling with szo’_ the quantum dot _is_ not populated, _Cou-
lation of the quantum dot and the height of the thermal bar—lomb interaction with charged impurities and defects in the
rier for carrier emission into a band. In cooling with =0 neighborhoods of the quantum dot does not take place, and a

carriers are not present in the bands, and a dipole is mﬁipole is not formed. Being situated sufficiently far from the
formed. The electron levet1* observed,under these condi- quantum dot, impurities and defects are not attracted to it. In

tions is probably an electronic quantum state of the same doTlhe case of anneallpg mﬂ<.Ta° and cooling al\/f quantgm
If the sum of the energies of thE1* and H1* levels is dot is populated with carriers, the Coulomb interaction of

subtracted from the width of the GaAs band gap, a quantit)‘;a:jri_ers Io_ct:_alized in th(?. qu{ahntum d?ts V(\;m: cthirgedl defectsd
of the order of 110 meV is obtained, fully consistent with an d_lmFI)U“ _|esfsurr01(Jjn It?g e_quar:c um do St at esp acte, an
photoluminescence data’ a dipole is formed, becoming frozen at temperatures

We have also observed characteristic variations in thga<TaC' In this dipole _the wave functions of the impurities
thermal activation energy for thel1 level observed in the and defects overlap with the quantum states of the dots. It

DLTS spectra aT,> 245 K (Table II). Likewise they can be bfcr?mes. possible for ga(;”frs to t””h”e' fr:olrln the deeper Sfta;]es
explained from the standpoint of carrier emission from quan-0 these impurities and defects to the shallower states of the

tum dots as long as the formation of a dipole between thguantum dots and to subsequently undergo thermal emission

to bands. This phenomenon is most likely responsible for
uantum dot and the defect does not take place 4
d P e broadening of th&1* andH1* levels, the disappear-

T.>245 K. At these isochronous annealing temperatures
dipole is not formed, and the DLTS spectrum no longer de2"¢® of theE2 andH2 levels from the DLTS spectra, and

pends on the preliminary cooling condition/,(=0 or the appearance of a broad band.
V;>0). In our investigated structures the size of the quan-
tum dots in each successive row of the array of verticaIIyS' CONCLUSIONS
coupled dots is greater than in the preceding row as a result We now summarize the results of our DLTS investiga-
of the conditions attending the formation of these dots. Contions of laser structures with an active zone in the form of six
sequently, a¥,=1.07 V we observe emission from the larg- rows of arrays of InGa/GaAs quantum dots.

est quantum dot, for which the levels are deeper. Holes from 1. We have established that the low-temperature deposi-
guantum dots that are smaller in size and therefore have shdlen and growth of quantum dots in GaAs epitaxial layers is
lower energy levels will tunnel into the largest quantum dot,accompanied by the generation of point defects in the nearest
which has the deepest quantum level, and it then becomawighborhoods of the quantum dots as a result of local non-
the source from which the thermal emission of holes takestoichiometry. The surface densities of these defects and
place. Increasing/,, to 1.15V causes the thickness of the quantum dots are close to one another and approximately
space-charge layer to decrease by approximately 90 Aequal to 18! cm™ 2.

which corresponds to the size of two quantum dots. Increas- 2. We have discovered that the DLTS spectrum exhibits
ing Vy, therefore, we keep the largest quantum dots with thesignificant changes, depending on whether the sample is sub-
highest activation energies outside the limits of the spacejected to preliminary isochronous annealing at

charge layer. A3/, is further increased, the activation en- T,<T,.=245K orT,>T,. and on the cooling conditions at
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Arrays of strained InAs quantum dots in an (In Ga)As matrix, grown on InP substrates
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Arrays of strained InAs islands in gin, GgAs matrix on an InPLO0 substrate are synthesized

by molecular-beam epitaxy, and their structural and optical properties are investigated.

According to transmission electron microscope and high-energy electron diffraction data, the
critical thickness corresponding to the onset of island growth is 3 monolayers. The resulting InAs
islands are coherently strained, and their base diameter varies from 20 nm to 90 nm. The
formation of islands produces in the photoluminescence spectra a dominant long-wavelength line,
which shifts toward lower energies as the effective thickness of the InAs increases. The

radiation emitted by the InAs islands spans a wavelength range of 1,66+-2© 1997 American
Institute of Physicg.S1063-782807)02710-3

Arrays of semiconductor quantum dots have an auspi- The investigated structures were grown by MBE using a
cious outlook for applications in injection lasers. In particu- solid-state Ag source in a Riber-32P apparatus on semiinsu-
lar, a major reduction of the threshold current density andating InR100) substrates. The investigated InAs layes-
abatement of its temperature dependence have bedand array was imbedded in the middle of afn, GaAs
predictedt One of the most promising techniques for the layer of thickness 0.1&m grown on a buffer layer of thick-
formation of quantum dot arrays is a method based on selfress 0.2um and bounded on the substrate and top sides by
organization effects observed in deposition by molecularinAlAs(2 nm)-InGaAg2 nm) short-period superlattices. The
beam epitaxyyMBE). The structural and optical properties of effective quantityQ,,»s of deposited InAs in the active zone
(In, GaAs quantum dot arrays situated in dAl, Ga)As  was varied from one sample to another in the range 0-13
matrix?® and injection lasers utilizing such arrays have beermonolayers(ML). The deposition temperature was 500 °C,
well studied*® Their application as the active zone of an and the growth rate was approximately 10 nm/min for the
injection laser has resulted in the attainment of continuousnGa(Al)As layers and 15 nm/min for the deposition of InAs
lasing through the ground state of quantum dots up to roonn the active zone. The layers were grown in an arsenic-rich
temperature at an output power of approximately 1 W with aenvironment.
threshold current density below 100 A/gitRefs. 5 and The degree of matching of the lattice constants of the

The majority of(In, GaAs quantum dot lasers have been matrix and InP substrate materials was determined by dual-
investigated in the wavelength range 0.9—4rh. The inves- crystal x-ray diffraction on test layers of thicknessufn.
tigations have shown that the emission wavelength of quarifhe mismatch was less than 1) which suffices to guaran-
tum dots prepared on GaAs substrates is limited at the longee the pseudomorphic growth of In@d&)As layers to a
wavelength end to 1.27-1;8m (Refs. 7 and 8 The thickness of lum (Ref. 9. A photoluminescence study was
problem of extending the emission range attainable in strucperformed at 10—150 K using a He—Ne lagexciting pho-
tures containing quantum dots tquZn is timely in regard to  ton energy 1.954 e\Mfor excitation and a cooled InSb pho-
applications in fiber-optic communication and environmentalodiode for recording. The excitation power was 20 Wicm
monitoring systems. Transmission electron microscofEEM) examinations were

It will be shown below that advances into the targetedperformed on a Philips EM 420 microscope with an acceler-
wavelength range can be made by using arrays of InAs quarating voltage of 100 kV. The TEM samples were prepared by
tum islands situated in afin, GaAs matrix grown on an conventional mechanical polishing and subsequent sputtering
InP(100) substrate. Structures of this kind are also importanwith Ar* ions and were investigated in a planar geometry
from the standpoint of fundamental research on the spontand in the cross section.
neous formation of objects with lowered dimensionality, The transition from the two-dimensional to the three-
complementing studies in the system of materigdlsGaAs/  dimensional InAs growth regime was determined from a
(Al, Ga)As. In addition, controlled variation of the degree of change in the observed high-energy electron diffraction
matching of the matrix and substrate provides a means foiHEED) pattern in reflection. The formation of three-
investigating the influence of residual stress on the process afimensional nucleation centers produces a striated diffrac-
three-dimensional nucleation. Here we report the first MBEtion pattern, whereas in the case of an atomically smooth
synthesis and investigation of the structural and optical propsurface the observed pattern consists of a system of fringes
erties of arrays of InAs quantum islands formed in an(“strands”) running perpendicular to the substrate surface.
(In, GaAs matrix with the lattice parameter matched to anAccording to our data, this transition takes place at
InP substrate. Qjnas=3.0— 3.3 ML, in good agreement with earlier restitts
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FIG. 1. Images of a structure prepared by the deposition of six InAs monolayers(in, &8As matrix. 8 Viewed in the plane of the structure) bross
section. The data have been obtained by means of a transmission electron microscope.

for the deposition of InAs in ariin, Al)As/InP matrix and layer greater than 3 ML. A detailed investigation of the
with observations!! for the system Ip<Ga,sAs on GaAs, structural properties of such structures by TEM methods, in-
which is characterized by approximately the same mismatcbluding high-resolution techniques, will be reported in a
between the strained layer and the matrix. It should be notedeparate paper.
however, that the striated contrast of the HEED pattern is not  Figure 2 shows the photoluminescence spectra of struc-
as pronounced in our situation as for the system of materialsures with different effective thicknesses of the deposited
Ing sGa&y sAs/GaAs. In our opinion, this departure indicates InAs, measured at 77 K. The radiation emitted from a bulk
that three-dimensional InAs islands formed on an InGaAs(In, GgAs matrix for a sample witiQ,,,s=0 has a maxi-
InP surface are characterized by a lower height-to-base ratiopum at an energy of 799 meV, where the width of the peak
because the striated contrast results from the electron beais117 meV. The spectra of samples containing an island array
passing through microscopic relief on the surface. (Qmas=3 ML) exhibit a strong band shifted far into the
Figure 1a shows a TEM microgragin planar geom- long-wavelength region relative to emission from the
etry) of the structure formed by the deposition of six InAs
monolayers. The picture was taken along [tb@1] direction
in the reflectiong=200. A dense array of islands is clearly
visible in the micrograph. The characteristic contrast is at-
tributable to the coherent stress of the InAs islands. The av:
erage base diameter of the islands, according to the TEN
data (Fig. 13, is approximately 50 nm, which greatly ex-
ceeds the corresponding dimension of straiiedGaAs is-
lands in a GaAs matrix, which can vary from 8 nm to 20 nm,
depending on the deposition conditioist is important to
note that the island dimensions determined by diffraction
TEM in the present study may be slightly higher as a result
of the stress fields propagating into the matrix. ;
Figure 1b shows an image of a transverse section of the
sample §=200). The regions of dark contrast correspond to  Q
InAs. The InAs islands, which have a roughly triangular E,‘
shape in the cross section, lie on a thin wetting layer of InAs.
As the island array is overgrown by an InGaAs layer, the A,
planar growth surface is restored, as evinced by the absenc
of bending of the interfaces in the InGaAs/InAlAs superlat- L L . L L
tice (upper part of Fig. 1p The islands have a typical height 0.55 0.60 0.65 070 0.75 0.80 085
of approximately 4—5 nm. According to HEED data, the is-
lands are characterized by a low height-to-base rdtib0). Photon ener gy, eV
The_ TEM_ data the_refore_ CorrObqrate the fprmanon OfFIG. 2. Photoluminescence speciia’ K) of (In, GaAs/InAs/(In, GaAs
three-dimensional strained islands in the active zone Ofieterostructures. The numbers at the top of each curve indicate the quantity
samples having an effective thickness of the deposited INAsf deposited indium arsenid®,,»s, measured in the number of monolayers.
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FIG. 3. Spectral position of the maximum of the photoluminescence line

(77 K) vs quantity of deposited indium arseni@g,,s measured in the num- FIG. 4. Shift of th(_e ma_ximum of the _p‘hotoluminesc_encg Iir_1e Vs temperature
ber of monolayersl) Two-dimensional distribution of InAs according to T in structures with different quantities of deposited indium arsenige.
data in Ref. 132) island distribution of InAs from data of the present study. Qinas=2 ML; 2) 6 ML; 3) 9 ML.

(In, GaAs matrix. This line has a typical width of 35— to emission from ar(ln, GaAs/InAs quantum well. When
37 meV. The total photoluminescence intensity remains apthe effective thickness of the deposited indium arsenide in-
proximately constant up t®,.xs=9 ML, after which the creases, as in the case of InAs islands in a GaAs nfafrix,
intensity is observed to drop abruptlpy more than two the average size of the islands increases, causing the lumi-
orders of magnitude at 11 ML For a sample with nescence line to shift further toward lower energies. On the
Qinas= 13 ML no luminescence signal was recorded by theother hand, the pseudomorphic growth of strained islands
detection system used in the work. can be maintained up to a critical size, above which misfit
Increasing the quantity of deposited InAs causes thalislocations begin to form. A further increase in the quantity
photoluminescence maximum shift systematically towardof deposited InAs leads to an ever-greater fraction of islands
longer wavelengths. Figure 3 shows the energy position ofhat exceed the critical size and do not participate in radiative
the maximum of the photoluminescence line at 77 K as aecombination, owing to the large number of defécsde-
functionQ,,as. The experimental data are compared with thecrease in the total luminescence intensity is observed as a
results of an investigatiol? in which special technological result. We can therefore conclude that a significant fraction
procedures were used to suppress the formation of islands of the InAs islands attain the critical size when the effective
the deposition of InAs on &@n, GagAs surface[(In, GaAs/  thickness of the deposited material is of the order of 11—
InAs/(In, GaAs quantum well. It is clearly perceived thatas 13 ML.
soon as three-dimensional InAs islands are formed, the en- Figure 4 shows the temperature dependence of the shift
ergy of the peak becomes much lower than the quantum-wetif the maximum of the photoluminescence band. It is evident
values. The energy difference attains 65 meV for 9-ML is-from this figure that structures with effective InAs thick-
lands. The data show that the emission from strained InAsesses of 6 ML and 9 ML exhibit in the temperature range
islands in ar(In, Ga)As matrix spans the wavelength interval 10—80 K a more rapid shift of the photoluminescence maxi-
1.65-2.0um at 77 K. The longest emission wavelength at-mum toward lower photon energies than for a sample with
tained in our work(77 K, Qnas=9 ML) is 1.944um. 2 ML of InAs, in which quantum dots do not form, and the
In our opinion, the data describing the dependence of thehift of the photoluminescence line reflects a change in the
spectral position and the total intensity of the photolumineswidth of the(In, GaAs band gap. A similar large shift of the
cence line in the investigated structures with InAs island arphotoluminescence band has also been observed for InAs
rays on the quantity of material deposited can be explaineduantum dots in a GaAs matffkand was attributed to the
satisfactorily within the framework of the following model. different localization energies for quantum dots of different
Redistribution of the deposited InAs leads to the formationsizes. An increase in the temperature raises the probability of
of an array of three-dimensional islands in the active zonghermal ejection of nonequilibrium electrons and holes from
and thus causes the carrier localization energy to rise sharpgmall quantum dots, for which the localization energy is not
as a result of the increased effective size of the active zone imery high. This effect reduces the intensity of the short-
the direction perpendicular to the interface by comparisorwavelength part of the line by virtue of recombination
with the case of a two-dimensional distribution of the samethrough such quantum dots, thereby producing a long-
guantity of deposited material. This effect accounts for thevavelength shift of the photoluminescence band. Since
long-wavelength shift of the photoluminescence line relativequantum dots have smaller dimensions in a structure with
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Structure and properties of porous silicon obtained by photoanodization
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The results of an investigation of layers of porous sili¢B®, which was obtained by
electrochemical etching op-Si under different illumination conditions — natural light,
incandescent light, and light from a mercury lamp with and without a filter — are reported. The
structure of the layers was studied by double-crystal x-ray diffractometry, the composition

was monitored by means of the IR absorption spectra, and the radiative properties were monitored
according to the photoluminescen@l) spectra. It was established that electrochemical

etching under illumination produces PS with a higher porosity and more intense PL whose
maximum is shifted into the short-wavelength region. These changes are accompanied

by a large disordering of the structure and an increase in the oxygen content in the layer. It is
concluded that illumination accelerates the chemical interaction of PS with the electrolyte

due to oxidation. High-porosity porous silicon stored in air exhibits quenching of PL. Conversely,
PL is excited in layers with a lower porosity. Aging of PS is characterized by an increase in

the microdeformation of the layers, a decrease in the crystallite sizes with a partial loss of
coherence between the crystallites and the substrate, and an increase in the fraction of the
amorphous phase. @997 American Institute of Physids$$1063-782607)03010-X

1. INTRODUCTION Il — 20-W tungsten incandescent lamp 15 cm from the

: ) : surface of the waferE=70 Ix);
Despite the well-known progress made in the under lIl — DRK-120 mercury lamp with a 3-mm-thick UFS-6

standing of the nature of visible-range luminescence of po-, ]
rous silicon (P9, after its discovery by L. T. Canham in f||t_er_placed_ 15 cfmhfr?_rln the Sa;n@gfizg ); t.he trans-
1990 this problem has still not been completely clarified. It mission region of the |te|r was S h < il nm_, 20|

is known that PS is an unstable material, subject to aging and Y — Same mercury lamp without a filteie= 120 1x).

degradation, making investigation and practical application The gravimetric po_rOSIty and t_he average thlckne_zss of
of PS difficult? However, until now not enough attention has the layers were determined according to the formulas in Ref.

been directed to the correlation between the microstructuré - 1h€ measurements of the photoluminescence spectra were

and photoluminescend@®L) properties of PS in the course Performed at room temperature with a 20-mW He—Cd laser
of aging for periods of several monts. with A=440 nm. The photoluminescence intensity is indi-

In the present work we made an attempt to relate thé:ated in relative units, but in all cases the PL was measured

light-emitting properties of PS with its structural features byUnder the identical excitation and detection conditions,

studying the aging process in samples of different porosityYVhiCh made it possible to compare the PL intensities. The
Photoanodization ofp-Si under different illumination infrared (IR) spectra were obtained by measuring the optical

conditioné=® was used to control the porosity and x-ray dif- transmission of the samples on a Specord-IR 75 spectrometer

fractometry was used to obtain data on the structure of PSIn @ two-beam arrangement.
The x-ray (XR) diffraction measurements were per-

formed on a DRON-2.0 double-crystal diffractomet®iCD)
with CuKa, radiation. Two variants of a dispersion-free
Polished boron-doped single-crystal silicon waferssymmetric Bragg diffraction arrangementn,-n) for
served as the starting material for the experimental samplebkl=111 and 333 were used: integrddDCD) — with a
The resistivity of Si was equal to @-cm and the orientation counter and no slit and differentiéii-DCD) — with a nar-
was (111). Anodization was conducted in the electrolyte row slit in front of the counter giving a resolution ef50
HF:C,HsOH=1:1, to which five drops of a 1-M solution of angular seconds. The latter variant of the DCD made it pos-
NaNO, for 15 ml of etchant were added. The current densitysible not only to improve the resolution of the reflection
was equal 20 mA/cfand the etch time was equal to 10 min. curve, but also to determine the angular width of the reflec-
After the process was completed, the samples were washéi@n at detected intensity=0.5,, in directions parallel
with deionized water and dried in air. The surface of the(w|) and perpendicularw, ) to the reciprocal lattice vector
silicon was illuminated uniformly. A comparative estimate H. Accordingly, the counter with the narrow slit was placed
of the intensityE of the illumination was made with a in the exact position of the reflection from the substrate or
luxmeter with a selenium F-102 photocell. lllumination wasthe PS and then displaced into a fixed positioa (20) and
performed by four methods: a reflection curve was recorded in each position with rotation
| — natural light E=15 Ix); of the sample ¢ — scanning along the normal td; Fig. 1).

2. EXPERIMENT
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FIG. 1. Measurement of the distribution of the diffracted intensity by the

d-DCD method for sample 3.5 months after preparation. Ra, (111).
The angular positions of the counter are shown to the right obtloeirves.

The envelope of the maxima of the curves gives the so-

called half-integral curve. In Ref. 8 it is shown that the curve
obtained in this manner gives a much better resolution an
the diffraction pattern can be analyzed in detail by recordingn

a series ofw curves. The radiudRR of curvature of the

samples was determined according to the angular displac

ment of the peak of the substrate under the PS with Stepp?ambient atmosphere. During the initial stages of stoffige

scanning of the sample in the XR beam. The sensitivity o
the method made it possible to measR=200 m.

3. EXPERIMENTAL RESULTS

Photoluminescence and porositfhe PL spectra of
freshly prepared samplesn the day after the PS was ob-
tained are shown in Fig. 2. The values of the porogitand
the thickness of the layer, the wavelength,,,, correspond-

rosity is obtained with the strongest illumination with radia-
tion in a wide spectral ranggHg lamp with no filtej. This
sample exhibits the strongest PL and the position of the PL
maximum is located at the shortest wavelength. Storing the
samples changed their Plsee Fig. 2b and Table).I The
changes were smallest for sampl&: Irhe intensity of lumi-
nescence and the position of its maximum for this sample
remained almost constant. In all other samples the intensity
decreased and there was a small short-wavelength shift of
Am- The strongest quenching of PL, as compared with
freshly prepared samples, occurred in sam@e(& factor of

5).

IR absorption.The IR absorption spectra of the samples
immediately after preparation of the PS layers were found to
be very close to one another for samples, RA, and 3A
and substantially different for samplé5All spectra contain
distinct Si—H lines(915, 2000, and 2120 cnt), as well as
small peaks, due to O—Si—H bon@#0, 2200, 2260 cm'),
and absorption due to longitudinai-$)—Sivibrations(near
100 cm 1). The absorption due to the presence of oxygen is
trongest in the spectrum of samplé,5Sprepared with the
ighest illumination intensity.

Figures 3a and 3b show sections of the spectra where
Jmnges are observed during storage of the samples in the

three dayp substantial changes occurred only in the spec-
trum of sample B as a result of an increase of absorption in

the bands associated with oxygen-containing centers.
Longer-term storage for 3 months gave rise to appreciable
changes in the spectra of all samples, mainly as a result of
the weakening of the Si—H bands and intensification of ab-
sorption by oxygen-containing groups. These changes are
not very large and are close to one another for sampfes 1

ing to the maximum of the PL, and the intensity of the PL at2A, and 3A and appreciably larger for samplé\5Quench-

the maximum (,,, — freshly prepared antj,,; — after stor-
age for samples A, 2A, 3A, and 5A are tabulated in Table
I. It is seen from the table that sampl& Svith highest po-

ing of absorption at frequencies corresponding to Si—H
bonds occurs as a result of a transformation of these bonds
into §—0O—H. The915, 2090, and 2120-cnt bands shift to

FIG. 2. PL spectra for PS layers ob-
tained by photoanodization under dif-
ferent conditions of illumination: for
sample A — natural illumination, 2

— tungsten lamp, 8 — Hg lamp with

a filter, 5A — Hg lamp without a filter;

a — next day after preparatiph — 3
months after storage in air. The spectra
were measured under identical condi-
tions of excitation;T=300 K.

b
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TABLE |. Preparation conditions and luminescence characteristics of PS layers.

After 1 day After 3 months
No. lllumination conditions p, % t, u Nm M Imp Nm M I'ms Ims/Imp
1A | natural light 67 10.3 0.84 10.7 0.79 10.5 0.98
2A 1] W incandescent lamp 73 9.4 0.79 40.0 0.76 15.8 0.40
3A 1] Hg lamp with filter 70 9.9 0.82 24.0 0.78 10.4 0.43
5A \Y Hg lamp without filter 83 10.3 0.67 57.0 0.68 12.0 0.21

840, 2200, and 2260 cnt, respectively. The absorption due angular interval near the substrate peaklQ00 angular sec-

to Si-O-Sibands at 1080 and 1150 crhincreases with onds and more

storage time, the relative contribution of the 1150-cm All experimental structures can be divided into three
band increasing and becoming comparable in intensity to thgroups according to the form and parameters ofitBeCD
1080- cnmi ! band. Of the other changes in the spectrum, weeflection curves:

call attention to the strong decrease in the intensity of the Group | (samples &, 2A, and 3A after one weekis
Si-Si—H bands at 660 and 630 cfand the appearance of characterized by narrow PS and Si peaks against a weak
a distinct triplet near 2930 cnt, characteristic of C—H i operent background. The ratio of the intensities of the

bands. The appearance of this latter band can be eprain(?Dcé‘,ﬂkS at the maximum $"~0.1T>, the half-widths
. 0S - [

by the formation, during storage in air, of an o?ude gontaml—WpS%WSi’ and the angular spacing of the peak®” =130
nated by elements from the surrounding medium, mcmdmgfangular seconds

carbon; this has been shown in Ref. 9 by means o In group Il (samples B after one month and A, 2A,

secondary-ion mass spectrometry. q ; he th K ch ; )
X-Ray diffractometryMeasurement of the radius of cur- and 3A after 2.5 monthst 9maI?(S peak changes form, its

vature for samples from batoh showed the absence of cur- INtensity decreaseg;c*~0.01g™, and its widths increase
vature for all samples — both starting and stored in air. AWps™(5—7)Ws;. The spacingA®" increases by 20%.
substantial transformation of the i-DCD reflection curves is ~ Group lll (samples A, 2A, and 3A after 3.5 months
observed in the case of the samples stored in air for up to 3.8nd 5A after 2.5 monthkis characterized by degeneration of
months. Of the two narrow peaks for PS and Si, after 3.83he PS peak into a very weak incoherent signal near the
months only a narrow substrate peak remains in all reflectiosubstrate pea@?~0.003 e

curves of samples stored for 1 we@kig. 43. The PS peak The i-DCD reflection curves from the PS layers 1 week

transforms into an incoherent signal, distributed in a wideand 2.5 months, respectively, after the layers were obtained

a b
1 ] as prepered 1 5
W X
3
o
2 Jdays .
é 8
] 20 | |20 20 FIG. 3. Transformation of the IR absorption
g| |20
£ ',3, spectra of samplesAL and 5A: a — near
=~ g »=2000 cm'!, b — near v=800- 1150
J months g
W E

2400 2000 2400 2000
v, cm~?

q\ JV cm™ ! (T=300 K).

[l A
1200 800 120 800
¢, cm-?
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g& s 1
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8-8,
1,&. U
b ’ :
6 -1920 28, 1920
28 -28, , arcsec
14 FIG. 5. Intensity distribution in the direction of the reciprocal lattice vector
-2 H for samples &, 2A, and 3A 3.5 months after preparation. The curves are
x10 shifted along the vertical axis. The arrows mark the Q,5level. ClKa,
3A (119
12
—2A
T TA5A
el 1 L by the increasing porosity of the layer, which is highest for
-300" -150" 6, sample B\, with the thickness of the layer remaining nearly
6-8, constant. The spectral composition of the illumination does

not play an appreciable role, since the PS sampe @b-
EIG- 4I-((i-)DCI3 ;-;ay reftlsgi)onﬂcurves for :_he Sirr?pleS,IZA, 3A,h<’:_1frt1dd5ﬁl tained with predominantly long-wavelength light from the
week(a) an .0 mon arter preparation. € curves are snirtea alon ~
the vertical axis. Right side — re‘fjlecgion peak from {14.1) planes of the ’ tur.]gSten lampX(~1 um), anq the PS. sampleA3 prepared
substrate, Ckia, radiation. using the short-wavelength filtered light from the Hg lamp
(0.3-0.4 um), do not exhibit any substantial differences.
o ) ~__ Storage leads to a virtually identical decrease in the bright-
are shown in 'F|gs.. da apd 4b. F!gure 5 shows the distributionass of their PL(Table |}, the IR absorption spectra remain
of the reflection intensity, obtained from the d-DCD mea-actically identical throughout the entire storage time of the
surements, alongl. The results of an analysis of the curves gamples, and the structural differences are also small in most
in Figs. 4 and 5 are presented in Table Il. The r9|at'Vecases(see Table .
changes 4d/d), in the lattice parameter of PS in a direction  Thg |R absorption spectra demonstrate an increase in the
perpendicular to the Si surface were obtained from the angysumber of oxygen bonds in the samples prepared under illu-
lar spacingA®" of the PS reflection peaks from the Si sub- mination. In Refs. 10 and 11 , the PS exposed to light in an
strate. Aside from the half-widtiv of the i-DCD curve, the  gjectrolyte after anodization was investigated in a high
half-widthsw, andw) obtained in directions perpendicular \acyum without intermediate contact with air. It was shown
and parallel to the vectdd from the d-DCD measurements py hhotoemission spectroscopy that illumination results in
and the dimensiong, and L of the region of coherent gong oxidation of the PS surface even in solution. Further-
scattering in directions perpendicular and parallel to the SUrmore, previously we observed an increase in the oxygen-
face of the sample are presented. For samplesZh, and  coniaining bonds when an oxidizer was introduced into the
3A (1 week d-DCD measurements were not performed be-gjectrolyte!? Thus, photoinduced oxidation and accelerated
cause of the inadequate resolution of the d-DCD method igjissolution of PS occur under illumination. The crystallites
this case. The values obtained for andw in the reflection  hecome smaller, their disorientation increases, and their lat-
hkl=333 were measured in order to analyze the angular d&;ce parameter increases. As a result, the coherent Bragg re-
pendence of the components of the half-width of the signajjection peak in the diffraction pattern separates from the
from PS. substrate peak, the intensity at the maximum of the reflection
becomes more diffuséthe half-width increasgsand de-
creases, and the incoherent background increases substan-
lllumination of the sample accelerates the chemical indially (Fig. 4b. The initial stages of oxidation in the electro-
teraction of the PS layer with the solution. This is indicatedlyte and in air result in a higher PL intensity, despite

4. DISCUSSION
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TABLE Il. Results of x-ray diffraction measurements on PS layers.

Storage Sample No.  A®”, ang. sec. Ad/d), , 1073 w,ang.sec. w,,ang.sec. L, ,A W, ang. sec. Ly, A

1 week 1A 132 2.53 24

1 week A 131 2.52 30

1 week A 133 2.54 43

1 week A 159 3.05 174 160 4070 80 2050
2.5 months A 152 2.92 160 155 4270 75 2180
2.5 months 2 158 3.03 159 220 2960 120 1370
2.5 months 3 160 3.07 156 15000 4350 80100 2050
2.5 months A 280 5.38 390 350 1860 90 1820
3.5 months A 240 4.61 690 950 190 860
3.5 months 2 210 4.03 700 890 190 860
3.5 months A 240 4.61 760720] 870 186360 880

Note.* The numbers in square brackets are the value$ kb= 333, ClK ;.

disordering effects, whereas the later stages of oxidation reassume that the PS lattice was relaxed and obtain from the
sult in degradation of the PL intensitiFig. 2b. It should be  angular spacind\®” the value Ad/d), ~(Aa/a),, where
noted that as long as the number of silicon—hydrogen and is the lattice parameter of the relaxed PS lattice. It is evi-
oxygen-silicon—hydrogen bonds with vibrational frequen-dent from Table Il that the relative change in the lattice pa-
cies near 2000 cim' is large, the PL remains stable. Degra- rameter gradually increases with storage time of PS in air.
dation of the PL in sample A after ~3 months is accom- One reason why the PS lattice parameter increases is thought
panied by a large decrease in the total number of Si—H bond® be the presence of a hydrogér oxide’® layer on the
(see Fig. 3pand a decrease in the concentration of the Si—Gsurface of the crystallites. The oxidation process in the air
vibrational groups av~1100 cm * (Fig. 3b. We observed gives rise to a deformation of the Si framework of the PS and
a similar picture in the dose dependence of the effect oflestroys the PS when the macrocrystallites of the initial PS
y-irradiation on the PL}? where in the dose range10'®  transform into micro- and nanocrystallites followed by com-
cm 2 the PL increased simultaneously with oxidation of theplete amorphization. The difference ing/d), after 1 week
Si—H group without a decrease in the total concentration otorrelates well with the porosity values of these layers. The
these bonds. For doses10'® cm™?2 the degradation of the increase in the lattice parameter of PS during storage is like-
PL and destruction of the Si—-H and O-Si—H groups pro-wise apparently due to the size reduction of the fragments of
ceeded in parallel. its Si framework.

Photoanodization makes it possible to obtain PS with It can be asserted on the basis of the shape and param-
smaller crystallites, whose surface is nevertheless well pagters of the i-DCD reflection curves for PS samplds 2A,
sivated. This results in a low rate of nonradiative recombi-and 3A, measured 1 week after the PS was obtaifftégl. 4a,
nation of charge carriers on the surface of the crystallitesTable Il) that the main element of the structure of PS at this
which can explain the intensification of PL on the basis ofstage are macrocrystallites with dimensions in the direction
the quantum-well modéllt is known that thermal oxidation of the normal to the surface of the samples=4 um (for
can intensify PL12'* However, if the crystallites and the hkl=111 and C#a;, the extinction lengthA =4.65 um).
voids between them are small, then oxidation can break the It should be noted that at all stages of storage of PS a
narrow bridges in the Si framework, strongly change the latiarge fraction of the PS crystallites retained coherence, i.e.
tice constant of PS, and introduce substantial microstressethe reflecting planes of the PS and the substrate were paral-
At some moment, as a result of these processes, the crystédl. This can be judged from the fact that the maxima of the
lites crack and decrease in size, down to amorphizdfitm.  series ofw curves obtained by the d-DCD method remain on
the process the passivation by hydrogen and oxygen is déhe H axis (Fig. 1). However, the degree of coherence drops
stroyed, as is indicated by the decrease in the intensity of theharply with aging, reflecting the on-going process of de-
Si—H and Si-O IR bands and the degradation of (Plg. struction of the PS framework. The d-DCD curves show that
2b). At the same time, any judgments about the correlatiorthe scattering in group-ll and -lll samples is always asym-
between the structural characteristics of @8erage size of metric (w, >w)), with the exception of the reflectio{833)
the crystallites, the lattice constant in the crystallites, disorifor PS sample 8 (3.5 monthg.
entation and microstresgeand the parameters of PL can In the classical block model of an imperfect cry$tahe
only be indirect. The reason is that the low transmission ofk-ray lines are broadened as a result of the finite dimensions
the DRON-2.0 diffractometer made it possible to measuref the regions of coherent scatteriigrystallites in direc-
the diffraction of x-rays only from relatively large crystallites tions parallel and perpendicular to the surface
(d>500 A), which do not play a determining role in the PL. w;~1/(Ljco®g) and w,~1/(L, sin@g), respectively, the

All experimental samples were characterized by the abrelative disorientation of the crystalliteg(p) # f(®g), and
sence of macrocurvature of the PS/Si compositions at alhe microdeformation of the individual crystallites
stages of storage. For this reason, the possible residual maef (Ad/d), |~tan®g, i.e., w=w;+w[(Ad/d),] and
rostresses in the PS/Si system<1.5X10° N/m? (as esti- W, =w,+W(¢).
mated according to Ref. 16This gave us the grounds to To analyze the structure of the PS in the values that we
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obtained forw; andw,, it is necessary to determine com- structure of the PS sampléAS3.5 monthg has advanced so
plexes of these quantities. This is done for the example of théar that probably a substantial fraction of this sample consists
PS sample 8 (2.5 and 3.5 monthsaccording to the depen- of amorphous Si@or SiQ, (x<2) specked witn-Si nanoc-

dence of the components on the diffraction an@ig for the

rystals. The sample/ shows the advance in the kinetics of

reflections 111 and 333. Performing these measurements, veging even after 3.5 months of storage: According to our

obtained for the group-1l P®, (111)Av, (333)=1.5. This is
close to the computed value of the ratig(111)v,(333),

i.e. in this case the broadening of tlig1l1) reflections is
determined mainly by the size effeet, =w,, and gives the

phase analysis data, it contain®?2 times more amorphous
phase than the A (3.5 monthg layer. However, the small
dimensions and small total volume pfSi in PS, as well as
the strong distortion of the crystal lattice in them, make the

sizeL, of the crystallites in a direction normal to the sur- measurement of the diffraction from nanocrystallites in PS a
face. The ratiov)(111)v)(333)=1.25 was found to be less difficult technical problem.
than the computed value @f;(111)M,(333), making the
estimate of the contributions af; andw[(Ad/d), ] to w
less certain. For this reason, the values.gf presented in
Table Il for the PS samplesf (1 week and 1A, 2A, and The experiments performed show that the disordering
3A (2.5 monthg, are approximate and give the minimum and size reduction of the structural elements of PS occur as a
possible lateral size of the crystallites. Therefore, the scatteresult of illumination during anodization and as a result of
ing for group-ll PS is determined mainly by crystallites with storage. Both processes are characterized by an increase in
dimensiond.; =0.4 um andL=0.2 um. the oxygen concentration. However, this disordering is ac-

A similar analysis for group-1ll PS shows that the large companied by an increase in the PL intensity in the first case
increase inw, andwj in this case is due to further destruc- (during photoanodizatignand by quenching in the second
tion of the Si framework. In addition, now, the disorientation case(during aging. We call attention to the fact that the
of the microcrystallitesv, ~w(¢) makes the main contribu- quenching observed here as a result of storage in air does not
tion to w, , sincew, (111)~w, (333). As before, less cer- always happen. We observed excitation of PL in the batch of
tain judgments can be made about the contribution of differsamplesB with a lower porosity(see Fig. . Hence it fol-
ent components tw/ . For this reason, the values bf and  lows that the brightness of the PL can change during storage
L presented in Table Il should be viewed as lower limits. Inin air in one or another direction, depending on the initial
addition, their ratid_, /L ~1 indicates that the shape of the porosity of the PS. It follows from the data obtained in this
crystallites becomes more isotropic. This is apparently due tetudy that the layers witp~70% demonstrate a higher sta-
the destruction of the bridges in the thinnest regions of fragbility of PL. Less porous samples, upon oxidation, exhibit an
ments of the columnar structure of PS as a result of an inincrease in the brightness of the luminescence and the more
crease in the mechanical stresses as a result of oxidation. porous samples, upon amorphization, exhibit quenching.

The observed pattern of almost complete and for the 5- Let us now briefly summarize:
layer (3.5 monthg complete vanishing of the diffraction peak 1. lllumination during anodization intensifies the PL and
from PS, also observed by other authth4!reflects the pro-  shifts it to shorter wavelengths, increases the porosity and
cess of destruction of the Si framework and size reduction obxygen content, and intensifies the disordering in the PS
its fragments during storage in air. The degradation of thdayer.

5. CONCLUSIONS
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THE PHYSICS OF SEMICONDUCTOR DEVICES

Optimization of the operating conditions of thermocouples allowing for nonlinearity
of the temperature distribution

S. V. Ordin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted December 24, 1996; accepted for publication January 17) 1997
Fiz. Tekh. Poluprovodr31, 1269-1271(October 199y

It is shown that the Peltier heat, previously regarded as a purely contact characteristic, must be
included in the equation describing the heat-flux balance in the volume of a sample

(simplified loffe—Stil'bans equatign Analytical expressions for the temperature distribution in a
loaded thermocouple, which describe the main deviations from the linear distribution, are

derived by a self-consistent calculation allowing for a temperature dependence of the Peltier heat.
Equations which extend the loffe relations to the case of large temperature differentials and

large heat fluxes are obtained for the efficiency of a thermocouple1l9€Y American Institute of
Physics[S1063-782807)03110-4

1. INTRODUCTION. PHENOMENOLOGICAL ANALYSIS OF the current density and the heat flux density in an isotro-
THERMOELECTRIC PROCESSES pic medium in the absence of a magnetic field:

Active research in the field of thermoelectricity and sub-
sequent extensive use of thermoelectric converters started
with the theoretical estimates obtained by A. F. loffe in 1950 j=cE+ao(—VT),
for the efficiency of a thermocoupgi@nd determination of
the parameteZ characterizing the thermoelectric figure of

merit of materials q=mj+ k(—VT), @)

Z=—-, (1)
K whereT is the temperatures is the electric field intensity,
andm= aT. The coefficients in Eqg2) are characteristics of
where « is the thermoelectric power, and and x are, re- macroscopic regions in the material. Since, in general, there
spectively, the electrical and thermal conductivities of theare no grounds for assuming that the cross terms are zero, the
material. In Ref. 1, loffe based his analysis of heat fluxes inPeltier heatr and the thermoelectric power must also be
a thermocouple on the accepted idea that the Peltierihéat included, just asr and «, in order to find the temperature
of a contact character. This corresponds to the assumptiadistribution in the volume of the thermocouple. The use in
that the temperature distribution in the thermocouple is lin-Ref. 2 of the Thompson heatand the Joule heat, previ-
ear. Attempts have been made to describe the deviation @fusly considered to be volume terms, constituted the intro-
the temperature distribution from linearity in a simple case ofduction of = and « in an implicit form into the equation for
temperature-independent thermoelectric parameters, takirthe heat flux density.Indeed, the Thompson and Joule heat-
into account the volume heat evolution due to the Thompsoing are components & - (7j), and their use in the heat-flux
and Joule—Lenz effectsAn attempt was made on the basis balance equatidr? is an approximate reconstruction of the
of this approach to obtain more accurate expressions for theeat flux#j from V- (j).
efficiency® However, the corrections obtained in Ref. 3 to The volume nature of the Peltier heat also follows from
the loffe formulas were found to be negligible and the quesits statistically macroscopic definition as the heat transferred
tion of refining the equations for the efficiency of a thermo-in the volume of the sample by a single electt8iContact
couple was considered to be closed. The solution of thermaeffects can be substantial for bathand 8, as well aso- and
physical problems, taking into account thermoelectric effectse, but they must be taken into account phenomenologically
in cases where they are not sméaiéfrigeration and heat- in an analysis of the boundary conditions. Cases in which the
pump regimeg was based on a model proposed in Ref. 2 .influence of a boundarycontac}j cannot be ignored in the
This procedure was reflected in nearly all monographs omntire volume of the thermocouple are the only exceptions. A
thermoelectricity’~’ phenomenological analysis shows that to solve the thermo-
On the other hand, thermoelectric effects are describeghysical problems with allowance for the thermoelectric ef-
by generalized kinetic equatiofist® If the kinetic coeffi- fects the volume nature of the Peltier heat must be taken into
cients are expressed in terms of the thermoelectric paranaccount using the equations of nonequilibrium thermody-
eters, then the following system of equations is obtained fonamics(2).
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T, 7'0 In the fixed-flux regimeg=q* =const the temperature

distributionT(x) is given by Eq.4), whereq is replaced by
g*. Using the expression obtained f&(x), we can express
g the temperature drop across the thermocouple as
— .
—AT —TO—TL—(q*—T 1- —aJL
(-AT)=T(O)-T(L)=| -~ To||1-ex — L ||
a2 L x

Using the equation for the curre(g), we find another equa-
FIG. 1. Schematic diagram of a thermocouple and the direction of propation relatingj andAT
gation of a heat fluxg in it.

ac(—AT)

=, 6
1= T mL ©)
2. THERMOELECTRIC CONVERSION EFFICIENCY WITH
ALLOWANCE FOR THE TEMPERATURE DISTRIBUTION IN A

THERMOCOUPLE

where the parameten equals the ratio of the load resistance

R, to the internal resistand® =L/o of the thermocouple.
Substituting into Eq(6) the expression for{ AT), we
Let us consider the temperature distribution in a thermo-obtain an equation for the current

couple with thermally insulated sides, unit cross section, and . .

length L operating in the generator mode with heat figx 1=F0), @)

and currenj flowing along it(Fig. 1). We shall use the same which determines the current as a function of the prescribed

simplification as in Ref2 — the thermoelectric parameters parameterg*, R, «, o, and«. Equation(7) for the current

a, o, and » are assumed to be temperature-independentan be approximately solved graphically, approximating the

Since materials for thermocouples must have a high effifunctional F(j) by a straight line passing through the point

ciency in the entire working temperature interval, this as- . .

sumption does not greatly decrease the range of applicability _asq a9

of the desired solutions, but it enables us to obtain solutions [ k(1+m)’ aTol

in an analytic form. For prescribed conditions the temperaginging the intersection point of the chosen approximation

ture in the thermocouple will depend only on the coordinateith the quantityj, we obtain an expression for the current
X, running parallel to the axis of the thermocouple, and the

0| and|O,

heat-flux balance equation is an equation for the heat(8ux O ZTy ®
rewritten in the scalar form I= aTg (1+m+ZTy) "
Wi dT 3 This expression for the current can also be obtained by ex-
a=all =Kkgx- ) panding the exponential in the expressi&hin a series and

retaining the linear term. Substituting the expression found

Thus, we must solve a first-order differential equation Withfor the current(8) into the relation for the efficiency in the
constants in order to find the temperature distribution in th%ixed heat flux regime

thermocouple. Since, ordinarily, in generator mode the tem-

perature of the cold end of the thermocouple is stabilized, we i’R,
give the first boundary conditiofi(L)=T, and obtain the n=— 9
following expression for the temperature distributio(x): q

aj q aj we obtain the efficiency of the thermocouple under an arbi-
T(X)=Tg exp{—T(L—x) +a_j 1—ex;{7(L—x) ] trary load

g* Rt mZT,
To (1+m+2ZTy)?

The explicitly nonlinear form of the functio(x) is K (10

attributable to the fact that when a current flows in the gen- ) _
erator regime, the electrons flowing from the hot into theWheré Rr=L/« is the thermal resistance of the thermo-
cold region scatter, lowering the Peltier heat and therebfouple. Differentiating the expression obtained with respect
increasing the heat loadradient on the term determined by t© M, we find the condition under whicly has maximum,
the thermal conductivity. Thus, the scattering of the elec- M=1+ZTo, and an expression faf,, which corresponds
trons results in a redistribution of the thermal energy in the© the optimal load
volume of the thermocouple between electronic and phonon 1q*Ry ZT
. . X T 0
subsystems; this determines the parametémn each macro- M= —=— 7 5=
’ o ; 4 Ty (1+2ZTp)
scopic local region in the material.
A thermocouple can operate in the generator mode either As one can see from the expression obtainedsfg,,
in a regime with a constant heat flgxflowing through it or  the efficiencyn,.x increases with increasing thermal resis-
in a regime with a fixed temperature drop across it. Thes¢éanceRy. In addition, the parameter determining the thermo-
conditions fix the second boundary condition required to obelectric figure of merit of the material?s/«? is differerent
tain the solution of Eq(3). from Z. However, a natural constraint for the operating re-

1D
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gime under consideration is the maximum admissable tem-

m=(1+2ZTp)"?

perature drop, for which the maximum efficiency is reached

in accordance with the Carnot cycle. For this reason, we shaft"® . . . . .
gptlmal load in the fixed temperature differential regime

also consider the operating regime of a thermocouple with

fixed temperature differential. We fix such a regime on the
thermocouple by a boundary condition applied at the hot end

of the thermocouple, fixing its temperatur&(0)=T;=
const. The expression for the temperature distributidn
becomes
1—exd —(aj/x)(L—x)]
1—exp(—ajL/k)
The temperature distributiofil2) is clearly nonlinear.
The derivation of the relatiofl2) employed an expression
for the heat fluxg obtained from the boundary condition at
the hot end of the thermocouple
(—AT)
l-exp(—ajL/k)|’

T(X)=To+(—AT)

(12

q=aj| Tot+ (13

nd the expression itself fop,, with the corresponding

:(—AT) ZT, 16)
i PR TN 2 ST

The expression$ll) and (16) for 7., were obtained
strictly in the first approximation and can be used for heat
flux densities and temperature differentials, which are em-
ployed in real situations, while loffe’s formulas, which rep-
resent the zeroth approximation, are valid for extremely
weak heat fluxes and small temperature differentials. The
modern level of programming makes it possible, in principle,
both to employ for the purpose of optimizing the operating
conditions of thermocouples the exact expression for the ef-
ficiency (14) and to find with prescribed accuracy a solution
of the equation for the curreri¥). Furthermore, the starting
equation(3) can be solved numerically, given the real tem-

which, because of the continuity of the flux, should be thePerature dependences of the thermoelectric parameters.
same in any section of the thermocouple. Substituting the | am deeply grateful to A. Yu. Zyuzin, M. I. Fedorov,
expression foff (x) [Eq. (12)] into the initial equation(3), it and T. A. Polyanskaya for helpful discussions and for valu-
is easy to show thatj(x)= const. Since the temperature able remarks.

differential is fixed in this operating regime, we can write,

using directly the expression for the curréf} and the ex-
pression obtained for the total flux3), a formula for the
efficiency of the thermocouple with an arbitrary load
_(=AT) 1-exgz(—AT)/(1+m)] m
T, 1 (To/Tpexdz(—AT)/(1+m)] (m+1)"
(14
For small values of the paramet&(—AT)/(1+m), which

Y

is satisfied quite strictly under real operating conditions, thes

expression(14) simplifies and becomes
(—AT) zZT, m

T, (1+m+ZTy) (m+1)°
In loffe’s formula} put into a similar form, the denomi-

nator contains instead of the ternZT, the term
ZTy+(—AT)[1-1/2(2+m)], which appears because of

n= (15
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Effect of an external bias voltage on the photoelectric properties of silicon MIS/IL
structures

Ya. S. Budzhak, V. Yu. Erokhov, and I. I. Mel'nik

State University “L'vov Polytechnology” 290013 L'vov, Ukraine
(Submitted July 17, 1996; accepted for publication January 28,)1997
Fiz. Tekh. Poluprovodr3l, 1273—-1277October 199y

The mechanism by which an external bias voltage influences the photoelectric properties of
Al/tunneling-thin SiQ/p-Si structures with an induced inversion layer is investigated theoretically.

A characteristic feature of the structure studied is the presence of a special inversion grid.
Between this grid and the substrate a positive voltage is applied. Relations expressing the
functional dependence on the bias voltage of the structure parameters and the output

electrical characteristics of photocells, which are based on it, are obtained. The results of numerical
calculations illustrating the effectiveness of using a bias voltage to increase the efficiency of
photocells based on Al/Sip-Si structures with an induced inversion layer are presented.

© 1997 American Institute of PhysidsS1063-782807)03210-9

1. INTRODUCTION 2. MECHANISM OF THE EFFECT OF A BIAS VOLTAGE ON
THE PARAMETERS OF A MIS/IL STRUCTURE

A number of scientists have been conductin§jfor a
long time now, investigations of Al/tunneling-thin Si(@-Si
structures with an induced inversion lay&flS/IL). The dis-

Our objective in the present paper is to give a theoretical
justification for the efficacy of the method that we propose

for improving the photoelectric properties of silicon MIS/IL

tinguishing feature of these structures is the presence of ) .
shgllow (Ngo 1 ;2m) n—p junction which arises at?[he surface sﬁructures. This method is based on the use of external fac-
o P tors together with internal factof®uilt-in charge, low den-

of the semiconductor under the action of a fixed positiveSity of surface states, difference in the work functiorspe-
charge in the insulator lay€Fig. 1a. The simplicity of the '

cifically, reverse bias voltage, in structures with an induced

technological implementation of MIS/IL structures and theinversion layer? While retaining all advantages of the

absence of high-temperature diffusion processes and diffuy s, sirycture shown in Fig. 1b, it is suggested that its
sion defects of the crystal lattice open up unique pOSSib”itie?)arameters be influenced by applying a positive voltage
for producing the structures on the basis of highly efficient(rmaﬁve to the substrakdo the inversion grid. In this case,
and solar photocells(PC3.°~" However, the practical the condition of electrical neutrality of the reverse-biased
achievement of the theoretically predicted high efficiency ofps/1L structure in a state of thermodynamic equilibrium is

MIS/IL solar cells (SC9 has turned out to be problematic determined, by analogy with Ref. 13, by the equation
because of large losses of the generated power in the high-

resistance inversion layéi_). The attempf° made to de- Qi = Qsc Qoxt Qua— Qis=0, (€]

crease the resistivity of the IL by increasing the built-in where Q,, Qq., Quy, Quq, and Q. are, respectively, the
. . . . y 1] ) td » t ’ )
charge density have inevitably complicated the tecrmomg)(:hargeslper chit a(r)éa on the meta? inversion grid, in the sur-

for fabrication of MIS/IL structures and have increased they; region of the semiconductor, in the insulator layer, and

cost of PCs based on them. o . in the donor and acceptor surface states, respectively. Rep-
The most note_worthy method in this connectlon_ was tha}esentinngc as in Ref. 14 . we determine from Gauss’s law

of Ref. 11, where it was suggested that, together with a posife applied voltage drop across the Si—Si@terface

tive charge built into the insulator layer, the difference be-

tween the electronic work functions of the semiconductor A——iQ-——i( Nq, +Opy— O

and thin strips of metal inversion grids be used to invert the T Y e ANex TR Ra

type of conductivity in the surface region of the semiconduc-

tor substrate. An inversion grid based on a metal with a low —2kTeN,F ,Bllfs,l ) )
work function was formed on top of an insulator layer of Na

tunneling thickness between the strips of the currenty,araq ands,, are, respectively, the thickness and permit-

collecting grid(Fig. 1b. The thickness of the grid was cho- ity of the oxide layer, and\,, is the density of the positive
sen so as to minimize the optical losses. Despite the fact th%‘narge fixed in it:

this method is acceptable from the technological standpoint,

it should be noted that it has a substantial drawback in that n;
the materials for the inversion grid are limited to metals with F( ﬁ‘/’S’N_A) -
a work function less than 4 eV. This circumstance alone

makes this method unsuitable as means for increasing sub- +
stantially the efficiency of MIS/IL-based photocells.

[exq_ﬁ‘//s)+,3¢s_ 1]

1/2

2
(expglﬂs_ﬂws_ 1) ) (3)

n;
Na
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FIG. 1. Schematic diagram of solar cells with a MIS/IL structure: a —

Standard structureb — structure with an inversion gridk — Backside
contact,2 — p-type silicon substrate§ — space charge regiod,— inver-

sion layer,5 — SiO, film, 6 — current-collecting grid7 — inversion grid. /

FIG. 2. Energy diagram of a metal/tunneling-thin $i®Si structure: a —

s is the surface electrostatic potentifl=q/kT; and all | " icmal biasb — with reverse bias.

other notation is standard.
Another expression foA can be obtained, as shown in
Ref. 3, byanalyzing the band diagram of a MIS/IL structure

in the reverse-bias regim&ig. 2. In this case whereD, is the energy density of the surface traps, Bgds

the energy position of the conduction band bottom with re-
spect to the valence band top.

The relation(5) obtained above makes it possible to cal-
culate the dependence of the surface potegitjan the mag-
nitude of the external voltage applied to the inversion grid in
the reverse-bias regim&ig. 3.

E
A=— Eg+x—c1>m—¢s—vp+v, (4)

whereEy andy are, respectively, the band gap and the elec
tron affinity of the semiconducto® ,, is the electronic work
function of the metal of the inversion gri¥,, is the depth of
the Fermi level with respect to the valence band top, \aisl
the magnitude of the external voltage applied to the inversion

grid.
Combining relationg3) and (4) and taking into account 091
the dependence of the degree of filling of the acceptor ant
donor surface traps on the magnitude of the surface
i o113 ; 0.87y
potential,” we obtain -
2 *
n; D, +V V0.83
F<B¢31N_I)+q it(PstVp) X
A V2kTegNp
0.79
Es
E+X—<pm— Ys—Vp+V
= 5 0.7 0.z 0% 06 04 17
——V2KTeN, v,V
0oX
FIG. 3. Surface potential, (1) and serial resistandg, of a MIS/IL-based
gNoxt aDit[Ec—q(¢s+ V)] solar cell(2) versus the external bias voltaye Computational parameters:
+ L -, (5) a — D,=5%10" cm2.eV L,N,=5%101 cm 3, N,,=10 cm2
V2kTeNa d=30 A; b — T=300 K, A** =110 A/K?-cr?, N, =1.04x 10" cm 3.
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Since the purpose of the method examined above is pri- 10~
marily to decrease the ohmic power losses during the opera-
tion of a MIS/IL-based PC, we shall determine the degree to
which the external bias influences the serial resistdRce -
On the basis of Ref. 15 and keeping in mind the analogy g 19~
between MIS/IL in SCs and PCs withrd —p junction, we < 5

—

shall express the resistivity of the IL in terms of its surface <
resistanceR; and the widthd,; of the inversion grid " - [
f 10 [
Rinv: Ri 1_2 (6)

. . . -13 1 1 1 i 1 N 1 M 3 ;
Accqrdlng to Ref. 7, .the surface resistance of the IL is de- 10 0 0.2 0.4 0.6 0.8 7
termined by the relation v,V

1 FIG. 4. Saturation current densitly in a MIS/IL structure plotted as a

R; :MnM{[ﬁIr/’s+ (0 N 2eBUs ]2 ( gy U2y function of the reverse biag.
()

where u,, is the electron mobility in the IL. Since the low , . . . ,
resistances of the contacts and conductors in a MIS/IL-base®P™® simple transformations, we obtain a relation expressing
PC device can be disregarded in contrast vk, ,** com- the dependence of the saturation currenbn the surface
bining Eqgs.(6) and(7) and expressing the resistivi. of potential
the semiconductor, according to Ref. 11, in terms of the sur-

face resistanc®gs, we obtain the expression fét, | = AA** T2exp( _[Bl/jsﬂn &)”
Na
2 % _ 1/2
Rgd 2d5+3d4| do+ 5 xXexd —d(q®+)], 1y
Rs=Rsct Rinv= 6 . . . . .
whereA is the area of the inducedp junction which, be-
5 cause of the small fluctuation of the junction surface, we can
d; assume to be equal to the area of the PC. Thus, if the depen-

* 12uV2KTe NAL[ Bibs+ (N INp) 2expBis] Y2— (Byg) Y3 dence ofs on the bias voltag¥ is known, then the degree
to which an external voltage can affect the saturation current

€S) )
whered, is the distance between the current-collecting andiensity of a MIS/IL structure can be calculatég. 4).
inversion grids. Since in a MIS/IL structure odinarily ~ We also note that as the surface potential of the MIS/IL
Riw=10"1 Q and R=10"2 Q, analysis of Eq(8) gives  Structure in the reverse-bias regime increases, the thickness
grounds for assuming that, to a high degree of accuracy, thef the induced IL will increasé? Using the equation pre-

serial resistanc®; of a structure of this type is a function of Seénted in Ref. 7 for the electrostatic potentleas a function
the surface potential and, in accordance with &j.a func- ~ Of the coordinatex at the surface of the semiconductor, de-

tion of the app“ed external V0|taqg|g 3) termining the IL thicknes$ by flnd|ng the pOint of intersec-

Since the heightd,, of the potential barrier of the tion of (x) and the Fermi levelFig. 2), and, correspond-
MIS/IL structure is a sum of the bending of the energy banddngly, using#,, as the lower limit of the integral in Eq12),
at the surface of the semiconductor and the défyffof the ~ W€ obtain

l/ZJ s
¥

Fermi level(Fig. 2)

(here N, is the effective density of states in the valence3. EFFECT OF AN EXTERNAL BIAS ON THE OUTPUT
band, it is obvious that a reverse bias will increa®g,,. CHARACTERISTICS OF A MIS/IL-BASED PC

The potential barrier, in turn, is related to the saturation cur-

rent densityJ, of the structure by an inverse exponential ~ SINC& according to the relations presented in Refthe
functiont4 IL thickness together with other structural parameters deter-

mine the photocurrent density generated in a MIS/IL-based
o qdy, i SC, it is not difficult to calculate the functional dependence
Js=AT Toexp — - |exd —(ady) ], (10 of the photocurrent on the external voltage applied to the
inversion grid. Accordingly, we represent the photocurrent in
where A** s the effective Richardson constant, agd is  the PC as a sum of the hole current and electron current
the average barrier height an insulator layer of thickriess generated by a light fluk in the depleted region and in the
Substituting the expressiof®) into Eq. (10) and making induced IL:

S

=12k,

By+

ni 2 —-1/2
N_A) exp&p} dy. (12

v

kT
(Dbpz ¢S+Vp=¢s+ F'I’I(N—A (9)
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J.=aqF(1-R)

Livpexpypt+Lovexp — vot) — a exp(—
X

1- v a?

Klvpexpvpt+ Kovpexp(— vpt) —a expl— at)

1- V2/a

13

where

e7(|+Vnt)—e7(t+Vn|) e*(aIJrVnt)_e*(atJrvnl)

M= st — o) 2T 2sined — o)

FIG. 5. 1— 1| (\V\)/I, 2— V. (V)/Voe, 3— 7/ (V)/ 7, wherel |, V.,
(a+h)e” vt _ (vo+ h)e‘“t and » are the output characteristics of a MIS/IL photocell without an exter-
P nal bias;l| , V{., ' — same in the reverse-bias regime.

Y (vpthyett—(v,—hyent
(a+h)e™+(v,—he tion of the serial resistand®, the saturation current, the

photocurrentl |, and the powerP;, of the incident light
flux:16

2 (vpthye—(v,—h)e "’

v, and v, are the reciprocals of the electron and hole diffu- nkT I

sion lengths, respectively, arit=S/D,,; hereS is the sur- n= ( q ) [ (1- 7)'”( ) RilZ(1-) }/Pm,

face recombination rate on the front surface of the PC, and 's (16)
D, is the hole diffusion coefficient. The coefficieRt takes

into account the part of the photon current reflected from thévhere

surface of the semiconductor substrate with thickrieasd 1 1\ ]°8
optical absorption coefficien&. The effect of the electric y=| 1+ | "]
field produced by the positive charge built into the insulator 1+2R ||_'y< kT)

and the voltage applied to the inversion grid on the diffusion
length of the minority carriers photogenerated in the IL mustAnalysis of this relation shows that an external voltage ap-
be also be taken into account in the expresgib®). The plied to the inversion grid will change substantially the SC
quantity v, is therefore introduced in the second term of thisefficiency, which is entirely a function of the external, bias-
relation as a function of the electric field, which in turn de- dependent, structural parameters and output electrical char-
pends on the external bias. acteristics(Fig. 5).
Since the photocurrerit, together with the saturation
currentl;, determine the open circuit voltadg . of the solar 4. coNCLUSIONS

cell . . . :
A detailed analysis of the computational relations ob-

tained for the structural parameters, output energy character-
(149 jstics, and efficiency of a MIS/IL-based PC as a function of

the reverse bias shows that an external positive voltage rang-
it can be asserted th&f, is also a function of the external ing from 0 to 0.6 V is most effective. Since the open-circuit
bias voltage. To obtain an analytic expression for the funcvoltage of a PC reaches the upper limit of this interval, it is
tion V,.(4s) we substitute the expressi¢hl) into Eq.(14)  best to use an additional MIS/IL-based SC as a source of
and transform the function in the argument of the logarithm:external voltage. This implies the development of a solar
module(SM) in which the output voltage of the auxiliary SC

nkT

I
Voe=——In| =

—+1
s

Vv _M n I ey is applied in the reverse direction on the inversion grids of
°¢ q AAF* T2 s several basic SCs. Since under the influence of an external
voltage bias the leakage current through the inversion grid
2 decreases to 10° Alcm? (Fig. 4), and since the losses of
+In N_ +d(qP) T+ 1), (19 applied voltage which are due to this current are very small,

the number of basic PCs in the proposed SM could be large.
wheren is a diode figure of merit. Calculations show that even with only two basic SCs the
Having determined in this manner the kinetics of theoperating efficiency of such a SM will be higher than that of
effect of an external bias on the structural parameters and solar module of standard design in which three SCs with a
output energy characteristics of a PC, we can now directhiMIS/IL structure are connected in series or in parallel.
investigate the dependence of the photogeneration efficiency In summary, it can be concluded that the proposed
in a SC of this type on the positive voltage applied to themethod for improving the photoelectric properties of
inversion grid. We thus represent the PC efficiency as a funcAlSiO,/p-Si structures is an effective method for increasing
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ERRATA

Erratum: Structure and electrical conductivity of polycrystalline silicon films grown
by molecular-beam deposition accompanied by low-energy ion bombardment of the
growth surface [Semiconductors 31, 237-240 (March 1997)]

D. A. Pavlov, A. F. Khokhlov, D. V. Shungurov, and V. G. Shengurov
Fiz. Tekh. Poluprovodn31 (October 199Y
[S1063-782307)03310-3

The spelling of the name of the third author of this article should read as follows: D. V. Shengurov.
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ATOMIC STRUCTURE AND NON-ELECTRONIC PROPERTIES OF SEMICONDUCTORS

Thermodynamic analysis of the molecular-beam epitaxial growth of quaternary 111-V
compounds: Ga ,In;_,P,As,_,

A. Yu. Egorov, A. R. Kovsh, A. E. Zhukov, V. M. Ustinov, and P. S. Kop'ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted February 3, 1997; accepted for publication February 10, 1997
Fiz. Tekh. Poluprovodr31, 1153-1157October 199y

A thermodynamic description of the molecular-beam epitaxial growth of quaternary IlI-V
compounds with two group-V elements is proposed. A thermodynamic analysis of the growth of
the compounds G, _,P/As,_, and GaRAs; _, is carried out on the basis of the

proposed method. €997 American Institute of Physids$51063-78207)00110-5

1. INTRODUCTION Assuming for definiteness that the group-lll elements

) ] reach the growth surface in atomic form and that the group-V
Molecular-beam epitaxyMBE) is presently the most ef-  glements reach it in the form of dimers, we consider the

ficient epitaxial technology, which permits the fabrication of jo5ction between the principal components during MBE
semiconductor heterostructures of ternary IlI-V compoundgy; 5 quaternary compound having the formula

with one group-V element and is distinguished by the highGa(lnl,xPyAsl,y:
accuracy of the composition profiles. At the same time, in
the MBE of ternary compounds with two group-V elements 1
and especially of quaternary compounds, controlling the ~XC&9)+(1=X)In(g)+ 5yP,(g)
composition of the growing layer becomes a very complex
task and requires a large number of growth experiments to-
gether with postgrowth testing. For this reason, the creation
of an adequate theoretical model of the MBE growth of mul- .
ticomponent compounds is still of great interest. In 1985,Whereg refefs to subs_tances in the gas phase,sareers to
Heckingbottom showed that MBE can be regarded as a qug_ubstances n the S.Ol'd phase. .

The solid solution Ggdn, ,P/As,_, is regarded as a

sinonequilibrium process, and that it can be described within . . :
homogeneous mixture of four binary compounds with corre-

a thermodynamic modéIThis approach was developed fur- ? o . L o
ther in Ref. 2, which describes a method for calculating thespondmg activity coefficients. The activity coefficients char-

conditions that control the growth process and presents th%_Cterlze the degrte.e of deIV|at||otp Off the _E[)ropertlef_ of.each

results of a thermodynamic analysis for the growth of binar)}_)mary component in a real soiution from fiS properties in an

and ternary 111V compounds. ideal solution. Then, according to the law of mass action, the
In this paper we describe a calculation method for thereac:tion indicated will conform to the system of equations

1
+5(1-y)As,=Galny xPyAs (), @

growth of ternary compounds with two group-V components pGap/ilgz PPY?
and present the results of a thermodynamic analysis of the =Kgans: _ZZKGaP,
growth of ternary and quaternary compounds in the In—Ga— Acans acap
P—As system of materials. 112 12
PInPAs2 K F’InF,PZ K (2)
I age
2. THERMODYNAMIC MODEL OF THE GROWTH OF THE where theK; is the equilibrium constant of the formation
QUATERNARY COMPOUNDS Ga,ln;_,P,As;_, reaction of the respective binary compoufdis the equilib-

rium partial pressure of the respective element at the sub-
The thermodynamic analysis of the MBE growth of qua-strate surface, and. is the activity of the respective binary
ternary solutions is based on the following basic approximacompound in the quaternary solid solution.
tions. Molecular-beam epitaxy is regarded as a quasiequilib-  The activities of the binary compounds in the quaternary
rium process, in which equilibrium between the gas and solidglid solution can be expressed in terms of the interaction

phases is established on the surface of the growing fayerparameters of the binary compounds in terary solid
The substrate temperature is taken as the temperature of tBg|utions and are given by the expressions

system. The pressures corresponding to the fluxes of atoms

and molecules from the substrate surface are taken as the KT IN apas=kT IN[(1-x)(1—-y)]+[ya;+(1
equilibrium partial pressures. The thermodynamic properties
of the quaternary systems are approximated by a regular-
solution modef —x)(a,—a;)—(1-y)(a,—az)]xy, (3.1

—y)ay]x?+[xaz+ (1—x)a,ly*—[a.— (1
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KT In ag,=KT In xy[ya; +(1—y)a,](1—x)?+[xas FO. - FGaZZFgZ—sz

2 (10
+(1=x)az](1-y)*—[ac+x(az—ay) X y
+y(a,—as)](1-x)(1—-y), (3.2  Expressing the flux in terms of the pressure according to the
formula
KT In a,p=KT In[(1—x)y]+[ya; +(1—y)a,]x? 5
_ V)24 g — S S — 11
+[xaz+(1-x)as](1-y)“+[a.—(1 " (2amkT) Y2 1D

—X)(@z—a)+ty(ai—ag x(1-y), (33 \yherep, is the pressure corresponding to the flux, ands

KT In agaac=KT IN[X(1—y)]+[ya +(1—y)a,](1 the molecular weight, and usin@), we obtain
X2+ [Xag+ (1-x)agly?+ [ac+ x(a [ o dcaKew |1
9 .l
—ay)—(1-y)(a,—agl(1-x)y, (3.4 " (Pp)MA2mmakT) V2|
wherea; is the interaction parameter between GaP and InP Po 1
in a ternary GaAsP solution; ana,, a;, and a, are the =2 F‘F’, — —21/2 —. (12
interaction parameters in GaAs—InAs, GaAs—GaP, and 2 (2mmp kT) ™Y

InAs—InP, respectively. Of the four equatiof.1)—(3.4), Now, assigning the incident Ga and P fluxes, i%a and

only three are linearly independent, since a restriction is im—g L
. . . Fp_, as well as the composition of the quaternary compound,
posed on the system of equations in the form of the relation- ™

ship between the chemical potentiglsof the binary com- -€- the values ok andy, we can find the solution of this
ponents in the solid phase equation relative thPZ. Substituting the values found for

Pp, into system of equation&), we find all the pressures

MGaasT Minp= UGaPT Minas: (4 corresponding to the re-evaporated fluxes,Rg,, P,,, and
which specifies the parameteg. Equation(4) is actually ~ Pas, and then utilizing11), we find the re-evaporated fluxes
the condition for equilibrium in the solid-phase exchangethemselves. Finally, using Eg&) and (9), we find the re-
reaction quired incident In and As fluxest, andFg, .
(5) Thus, all the external fluxes of the group-I1Il and group-V

elements needed to obtain a quaternary solid solution

Then, using the system of equatiof® and (3), we can  Galn,_,P/As, _, of definite composition, as well as the re-
expressa. in terms of the equilibrium constants of the for- evaporated fluxes of the elements, have been established.

GaAst InP< GaP+ InAs.

mation reactions of the binary compounds In the case of the growth of a ternary compound with
K two group-V elements, for example, G#8, _, (i.e., when
a,=—kT In 8caflines _ 1 1 1n LM’_ (6) Xx=1), Eq.(12) transforms into
agaadinp KinasKcap
a

In the case of the growth of the stoichiometric compound,  F2.— 1/ZGaﬁ<GaP 7
the fluxes of the group-lll and group-V atoms utilized for (sz) (2mmgKT)
growth are equal. According to the mass conservation law,
we can write the expression o Pp, 1 13

FlaFeat F—Fin=2(F% —Fas,+F3 —Fp), (7 amekmE]y’

Ga Ga In In As, As, P, Py/ s 2

where theFiO are the incident fluxes of atoms or moleculesand the expressions for the activities take on the form

onto the growth surfac&he external fluxgs and theF; are KT In agae=KT In y+ag(1-y)?, (14.7

the re-evaporated fluxes that create the equilibrium partial B 2

pressures of the elements over the growth surface. KT In agans=KT In(1=y) +agy”. (4.2
The ratio between the mole fractionmsandy of the

components of the quaternary solution is also determined by. CALCULATION RESULTS AND DISCUSSION

the ratio between the fluxes utilized for growth: . ) )
The equilibrium constants of the formation reactions of

X FOGa_FGa the binary compounds used in the calculations were taken
E:W’ (8)  from Ref. 4, and the interaction parameters of the binary
In " in compounds in the ternary solid solutions were borrowed

from Ref. 5.

The results of the calculations in the case of the growth
of GaRAs, , on a GaAs substrate are presented in Figs. 1
and 2. The calculations were performed under the assump-
Using Egs.(8) and (9), we can write(7) in terms of the In  tion that an elastically stressed layer of GAg, _, forms on
and P fluxes alone: the GaAs surface and that its crystal lattice constant in the

0 _
y _ sz sz
1-y ngz_ FASZI

9)
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11 - Figure 1 shows the relationship between the fraction of
- the external P flux in the total flux of group-V elements and
. the mole fraction of P in the ternary solution grown for fixed
s external fluxes of Asand Ga and various growth tempera-
p tures. For comparison, the figure also presents experimental
2 s data taken from Ref. 6 and calculation results from Ref. 2, in
,/4 which the influence of the elastic stresses on the Gibbs free
6 / energy of formation of the binary compounds was disre-
/ garded. It is seen from Fig. 1 that allowance for the influence
of the elastic stresses leads to better agreement between the
theoretical and experimental data.
/ Figure 2 presents the dependence of the incorporation
/ coefficient of phosphorquz, which is defined as the ratio
/ of the part of the incident P flux that is incorporated into the
o.2r 4 growing layer to the total incident P flux, on the composition
of the layer grown at a fixed flug2,=10"(cn?-s)"* for
various values oﬂ:(,l52 under the condition of enrichment
1 1 I i

0 0.2 0.4 0.6 0.8 1 with respect to the group-V elements
Y 2(FRs, FF2)>F2s

)
92

-

()

0 ]
[(FI+F
~
~N

)
F %
S
=
I

N

FIG. 1. Relationship between the fraction of the external phosphorus fluxThe incorporation coefficient of phosphorous is given by the
in the total external flux of group-V elements and the compositionm”OWing expression al <620 °C:

of the compound GaRs,_, grown [F3.=10"(cnP-s)?,
F,[152=3><1014 (cm?-s)~ 1] for various substrate temperatur€s°C: 1 —

1
400,2 — 500,3 — 600. The dashed line is a plot of the calculation results Kp = (Fg -Fp )/Fg :y—(Fga— FGa)/Fg
from Ref. 2. The points are experimental data from Ref. 6. 2 2 2 2 72 2
~yE FO/F (15)
growth plane is determined by the lattice constant of GaAs. 2 Gal Ry
The influence of the variation of the Gibbs free energy of , FS. approaches the value pE2 /2 in the region of com-
formation of the binary compounds in the case of elastically ~ ™ ) > . .
stressed growth on the equilibrium constants of the reactioneSitions with a small mole fraction of P, the incorporation

was taken into account in these calculations according t§0efficient becomes equal to unity, i.e., nearly all of the in-
Ref. 7. cident P is incorporated. The decrease in the incorporation

coefficient as the mole fraction of P increases is associated,

as is seen from Fig. 1, with an increase in the exterpal P
1+ flux, which is needed to obtain a compound of definite com-
position at a fixed incident Asflux, while the Ga flux re-
mains unchanged. Similar arguments also account for the
decrease ifKp, as Fﬁsz increases.

Plots of the ratios between fluxes of group-lll and
group-V elements as functions of the mole fractions of the
componentsX andy) in the quaternary solid solution in the
case of the growth of G&, ,P/As, , that is lattice-
matched to GaAs at various growth temperatures in the range
500-600 °C under the conditions of enrichment with respect
to the group-V elements are shown in Figs. 3 and 4.

The relationship between the fraction of the external
phosphorus qu>F(,l2 in the total external group-V flux and

the mole fraction of P in the compound (& ,P/As;

grown is presented in Fig. 3. In the temperature range indi-

cated this relationship is virtually independent of the growth

temperature. The difference between curteand 2 in the

0 01.2 0'4 0.‘6 0.‘8 ,; range of compositions with a low P content is attributed to

) ¥ variation of the incorporation coefficient of P, as in the case
of the ternary solutions.

FIG. 2. Dependence of the incorporation coefficient of phosphorus on the Figure 4 pre;ents the ge!atlonshlp between the fraction of

composition of the compound Gais, _, grown [F3,~ 10 (cn-s)?, the eﬁtern%l indium flux=p, in the total exfternal group-lll

T=520 °C] for various values of the external arsenic flg, ,(cn?-s) % flux F,+Fg, and the mole fraction of Ga in the compound

1— 10" 2 — 3x 10" 3 — 10'S. grown. It is seen from the figure that at a growth temperature

0.8

0.2
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FIG. 5. Re-evaporated In flux from the growth surface oflGa. ,P,As; _,

as a function of the mole fraction of G&F2,=10" (cn?-s)~] in the

compound for various values of the substrate temperalut€, and the
FIG. 3. Relationship between the fraction of the external phosphorus flux irexternal arsenic flu€$, ,(cm?-s)": 1 — 500 and 2 10", 2 — 550 and
the total external flux of group-V elements and the mole fraction of phos-, 10" 3 — 600 and §< 10" 3' — 600 and 105,

phorus in the compound @a,_,P,As, _, grown under the conditions of

enrichment with respect to the group-V elemdit§ = 10" (cn?-s)~] for

substrate temperatures in the range 500-600 °C and various values of the C g . . . .
external arsenic flugd, , (cn?-s) & 1 — 2x 101, 2 — 2x 10 increases significantly, as is reflected in Fig. 5, which shows
s, : \ .

the dependence of the re-evaporated In flux on the composi-
tion of the growing layer for three different growth tempera-
of 500 °C the ratio of the external indium flux to the total tures. At the same time, the re-evaporated Ga flux remains
external group-Ill fluxFO/(F2+F2) is a linear function of  negligibly small and does not exceedk 20 (cm?-s)™* at

the mole fraction of Ga. This result is a consequence of th&00 °C. As a result, the dependenceFdf/(FJ,+F2.) be-

fact that at the growth temperature cited the re-evaporated loomes nonlinear at high growth temperatures in the range
and Ga fluxes are negligibly small compared with the exter500-600 °C. An increase in the total group-V fIE%er ngz

nal fluxes of the respective elements; i.e., the sticking coeffeads to a decrease in the re-evaporated In(fig. 5, curve
ficients of Ga and In are close to unity. However, when theg') As a result, a smaller external In flux is required to grow
growth temperature is increased, the re-evaporated In fluy compound of identical composition at high substrate tem-
peratures. The dependencerqf/ (F,+F2) at an increased
value ofFE,2+ FXSZ is shown in Fig. 4. The calculations were

T performed for an external Ga fluk2,=10" (cn?-s) %,
which corresponds to a gallium arsenide growth rate

0.ak J Veaas=1 A/s. The dependence of the growth rate of a com-
) pound on its composition in the case of the growth of a
guaternary solid solution for the dependences in this figure is
550_5 L 3' specified by the expressiofiz ad/(1—X).
+
8 4. CONCLUSIONS
:50'4 Thus, a method for obtaining a thermodynamic descrip-
“~ tion of the MBE growth of quaternary solid solutions with

two volatile components has been proposed in this paper; a

thermodynamic analysis of the growth of the compounds

GaRAs, , and Galn, ,P/As, , has been performed. It

A 1 L S J 1 1

00. 5 2.6 o7 0.8 7.9 70 has been shown.tha_t allowance for the influence of th.e elastic
stresses appearing in the case of the pseudomorphic growth
of GaRAs;_, on GaAs on the equilibrium constants of the

FIG. 4. Relationship between the fraction of the external In flux in the totalformation reactions of the binary compounds leads to better

external flux of group-lll elements and the mole fraction of Ga agreement between the experimental and theoretical data.

0 _ 104 Q)17
[Fo=10"* (cn?-5)™] in the compound Gdni_,RAs,_, grown for We thank S. V. Ivanov and N. N. Ledtsov for some
growth under the conditions of enrichment with respect to the group-V . .
helpful discussions.

elements and various values of the substrate temper@uf€, and the ] .
external arsenic flufQ, ,(cn?-s) ' 1 — 500 and 210", 2 — 550 and This work was performed with the support of a NATO

2Xx 10" 3 — 600 and 210" 3' — 600 and 2< 10, ISEP Linkage Grant.
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Application of elastic mid-infrared light scattering to the investigation of internal
gettering in Czochralski-grown silicon

V. P. Kalinushkin, A. N. Buzynin, D. I. Murin, V. A. Yuryev, and O. V. Astaf'ev

Institute of General Physics, Russian Academy of Sciences, 117942 Moscow, Russia
(Submitted December 27, 1996; accepted for publication February 25) 1997
Fiz. Tekh. Poluprovodr3l, 1158—-1163October 199y

The influence of the internal gettering process on the large-scale defects in Czochralski-grown
boron-doped single-crystal silicon is investigated by low-angle mid-infrared light

scattering. The large-scale defects in the as-grown material and crystals subjected to the internal
gettering procedure are classified. The applicability of low-angle light scattering in

laboratory investigations and in the industrial inspection of the operations in an internal gettering
production cycle is demonstrated. €97 American Institute of Physics.

[S1063-782627)00210-X]

1. INTRODUCTION In addition to low-angle light scattering, the changes in
the defect composition of the material were investigated by
Internal gettering has become one of the most importanEBIC and selective etching, making it possible to obtain es-
technological operations in the production of microelectrontimates of the defect concentrations, which are needed to
ics devices based on Czochralski-grown silicon. Nevertheealculate the activation energies of the point centers appear-
less, a nondestructive method that would permit direct invesing in their composition from temperature dependences of
tigations of the variation of the defect composition of alow-angle light scattering.
material during gettering and direct inspection of the opera-
tions in its production cycle has not been proposed. The pur-
pose of this paper is to propose such a method, which wag EXPERIMENTAL METHOD AND SAMPLES
developed on the basis of low-angle mid-infrared light In the low-angle light scattering method used in the
scatteringl. This method has been successfully applied to thepresent work a continuous-wave ¢@ser was employed as
investigation of large-scale clusters of electrically active de-a source of probing radiatiofthe wavelengtin=10.6 um).
fects in semiconductor materialsee, for example, Ref. 2 The details of this method were thoroughly described in
and the bibliography cited there Refs. 1 and 2. Here we would like to recall only that such
Low-angle mid-infrared light scattering was first applied parameters of large-scale clusters of electrically active de-
in Ref. 3 to the investigation of the influence of abrasive andects as their effective dimensions, the product of their con-
internal gettering in Czochralski-grown boron-doped crystalsentration C), and the square of the deviation of the free
of standard commercial silicon. The main conclusions drawrcarrier concentrationn,) [or the square of the deviation of
in that study are that abrasive gettering leads to significanthe dielectric constante(g] within them C(Any)? [or
lowering of the impurity concentration in the large-scale im-C(Ae,9?] can be calculated from the angular scattering dia-
purity clusters found in the bulk of the crystals, and thatgrams measured in low-angle light scattering. An investiga-
internal gettering leads to the appearance of new defects iton of the influence of the sample temperature on the scat-
the substrate bulk, whose contribution to mid-infrared lighttering of infrared light by it makes it possible to estimate the
scattering becomes dominant. Unfortunately, the basic pahermal activation energyE) of the impurities and defects
rameters of these defects were not established in Ref. 3. appearing in large-scale clusters of electrically active de-
In the present study we investigate these defects iffiects: the scattering intensity of the large-scale clusters of
greater detail, establish their relationship to the defects reelectrically active defectb~(An,)?, Refs. 2 and 7-10.
vealed in the as-grown material in Refs. 4 and 5, and deter- The experiments on the influence of the photoexcitation
mine their basic parameters. of nonequilibrium charge carriers in the bulk of a material on
In addition to standard low-angle light scattering, in thethe scattering of infrared light can be described as follows. If
present work we employed low-angle light scattering witha crystal contains large-scale recombination cenfersex-
the bulk photoexcitation of nonequilibrium charge carriers,ample, precipitates and precipitate colonies, packing defects,
which, like electron-beam-induced currdi@@BIC) measure- etc) in its bulk, regions with a reduced carrier concentration
ments, makes it possible to investigate large-scalédepleted regionsform around these centers when nonequi-
recombination-active defect€. This method was used to es- librium charge carriers are excited. These regions scatter
tablish some laws governing the alteration of large-scaldight as ordinary inhomogeneities. The scattering of light by
recombination-active defects as a result of internal getteringhe depleted regions can be detected by employing
In addition, we measured the temperature dependence amplitude-modulated photoexcitation and isolating the corre-
the scattering intensity, which made it possible to estimatesponding component of the scattered light, which pulsates at
the activation energies of the point centers appearing ithe photoexcitation frequency. Then, employing the usual
large-scale clusters of electrically active defects. procedure used in low-angle light scattering to measure and
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FIG. 1. Typical EBIC photomicrographs of
detects a — as-grown sampleb — after
internal getteringT =300 K.

treat the angular scattering diagrams, we can estimate tHects for Czochralski-grown, boron-doped, single-crystal
characteristic dimensions of the depleted regions around thgilicon*°%? So-called “cylindrical defects” with lengths
large-scale recombination centérfsIn the present work a from 15 to 40 um and diameters from 5 to 12m were
YAG:Nd®** laser which generates pulses with a duration ofdiscovered in them and can be seen on the EBIC photomi-
40 ns, a power fol W at awavelength of 1.06um, and a  crographgFig. 13. The concentration of these defects varied
frequency of 1 kHz was employed to excite nonequilibriumfrom 1 to 10/ cm™3. These defects correspond to the por-
charge carriers. The use of this wavelength for photoexcitations of the scattering diagrams at the angles7° (Fig. 2,
tion permitted nearly uniform pumping of the entire volume curvel). So-called “spherical defects,” whose concentration
of the test sample, since the absorption at this wavelength igid not exceed 0 cm™2, were also observed in the as-
not excessively strong, but is perfectly adequate to ensure thffown samplesFig. 13. They correspond to the portions of
efficient generation of electron-hole pairs. The layout of thethe scattering diagrams at>7°. The diameters of these
experimental apparatus for low-angle light scattering withdefects vary from 5 to 2@m (Fig. 2, curvel).
the photoexcitation of nonequilibrium carriers in the sample  aAccording to estimates based on the temperature depen-
was described in detail in Refs. 1 and 6. dence of the scattering intensitijig. 3), the activation ener-
Besides low-angle light scattering, in the present workgies of the point centers, which determine the scattering of
we used EBIC and selective etching to expose defects. Thgynt py the cylindrical and spherical defects, amount to
samples for EBIC were prepared using a special procedurgg— 60 meV and 126 160 meV, respectivel§®
involving plasma etching of the samples in a special regime  The depleted regions around the large-scale
before deposition of the Schottky barrier. This procedure sigrecompination-active defects measured less thamvin the
nificantly incr_eas_es the_ sensitivity _of EBIC toward large- 35-grown samples and were manifested as a “plateau” on
scale recombination-active defects in the silicon Blk. the scattering diagrams recorded with the photoexcitation of
A total of 40 wafers of dislocation-free silicon were in- nonequilibrium carriergFig. 4, curvel, 6>5°). Sometimes

vestigated in this study. The crystals were grown by the CzOgpherical defects were also manifested on the scattering dia-
chralski method and doped with boron to a resistivity Ofgrams(Fig. 4, curvel, §<5°).

1-40Q-cm. We used material which was produced by
three different manufacturers and subjected to the internal
gettering procedure in five different plants. In this paper we
generalize the data on the influence of different gettering
regimes on the defect composition of the samples. or

The following two experimental schemes were used in
the low-angle light scattering measurements. In one of them
the as-grown samples were investigated preliminarily, and o
then they were subjected to treatment involving an internal
gettering cycle and investigated by low-angle light scatter-
ing. In the other scheme the wafers were cut into several
samples. Some of them were subjected to the internal getter-
ing procedure, while the others served as control samples.

The EBIC and selective etching experiments were car-
ried out only according to the second scheme.

Log (I/W))
J

[ (] L 1 i [}
3. EXPERIMENTAL RESULTS 3 4 & 6 7 8 9 10 11
§,deg

A. As-grown samples

. . . FIG. 2. Typical scattering diagrams of silicon single crystals recorded with-
The as-grown samples investigated by ‘us contain th@ut photoexcitation1 — as-grown sample2 — after internal gettering.
standard set of large-scale clusters of electrically active deF=300 K.
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FIG. 3. a — Temperature dependence of the intensity of light scattered by as-grown silicon sdmpleylindrical defects2 — spherical defects. b —
Characteristic scattering diagranis; K: 1 — 300,2 — 110.

B. Samples subjected to the internal gettering procedure tion of the spherical defects were observed in all the samples
which underwent the internal gettering procedure and did not
depend on the gettering regime. The increase in the intensity
_of the light scattered by the spherical defects correlated with
6he appearance of the gettering defects exposed by selective
etching, but there was no direct proportionality between the
_etch pit density and the scattering intensity.

2. In the low-angle light scattering experiments with the
rt?hotoexcitation of nonequilibrium charge carriers in the
samples it was found that the intensity of the light scattered
by the depleted regions around large-scale recombination-

The main results obtained for the samples which under
went the internal gettering procedure are as follows.

1. As a result of internal gettering, the spherical large
scale recombination-active defects with diameters from 10 t
30 um become the dominant type of defd€tig. 1b), the
intensity of the light scattered by them increasing by ap
proximately two orders of magnitude in comparison with the
light scattering caused by defects of this type in the as-grow
sampleqFig. 2, curve2). The intensity of the light scattered
by the cylindrical defects increases only slightly. As a result,

the light scattered by the spherical defects begins to OIOmI<'310tive defects increases sharply following internal gettering

nate the scattering diagrams for the samples which undeF-Ft'g' 4 curvde?[)h. Adstrorjtg c?;rhelaélofn ti[etween th(;a bscatttlerlrlg
went the internal gettering procedure. It can thus be conintensity and the density of the defects exposed by selective

cluded that the concentration of the spherical defect?tChénngvas (il_lsc?_vered. . f the dominant ters in th
increases significantly as a result of internal gette(ifig. - |he activation energies of the dominant centers in the

1b). Increases in the scattering intensity and the concentras—pherical de_f(_ects are determined, in 9" likelihood, by the
growth conditions and by the thermal history of the samples.

As an example, Fig. 5 presents plots of the temperature de-
pendence of the scattering intensity measured on two
or samples, which were grown by different manufacturers and
5 which underwent the internal gettering procedure. It is seen
that the plots of the temperature dependence of the scattering
intensity and the activation energiesE of the centers,
which determine the scattering of light by the spherical
- large-scale recombination-active defects at room temperature
in these samples, diffed E=130-170 meV for samplel
andAE=60—90 meV for sample; i.e., different point cen-
ters appear in the spherical defects in these samples follow-
0 ® ing internal gettering. At present, we cannot confidently say
* ° . . . .
-3 1 which of the following factors determines the composition of
2 the spherical defects after internal gettering: the original con-
- tent of uncontrolled impurities in the samples or the features
-4 T of the gettering cycle. In our opinion, the first factor should

2 4 I3 8 10 72 be more significant.
8,deg

Log (1/W,)

4. DISCUSSION OF RESULTS AND PROPOSED METHOD

FIG. 4. Typical scattering diagrams of silicon single crystals recorded with .. . .
photoexcitation1 — as-grown sample2 — after internal getteringl = 300 Generalizing the foregoing material, we can conclude

K. that the large-scale recombination-active defects detected in
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rity atoms, the degree of compensation, etc. The gettering
process can alter the concentrati@h of the large-scale
recombination-active defects themselves, as well as any of
. the parameters just cited and consequerily, and should
5 thus lead to apparent destruction of the direct proportionality
-1.5}+ between the scattering intensity and the measured defect con
= centration. Therefore, in the case of the spherical defects we
o are forced to count on only a qualitative correlation between
- the scattering intensity and the experimentally determined
- 2 etch pit density?
~2.0 - On the basis of the foregoing material we propose a
method for investigating the internal gettering process in sili-
1 con substrates, which consists of the following steps: the
presence of gettering defects in the bulk of the crystals is
) , , . monitored by measuring the light scattering caused by the
5 6 7 8 9 large-scale recombination-active defedisw-angle light
1000/T , K1 scattering with the photoexcitation of nonequilibrium charge
carrierg; the presence of the impurity atmospheres around
FIG. 5. Temperature dependence of the intensity of light scattered bthe gettering defects is monitored, and their parameters, i.e.,
spherical large-scale clgsters of elegtrically active defects in two siliconthe efficiency of the gettering operation, are determined by
single crystals grown which were by different manufacturers and underwent . . . .
the internal gettering procedurt; 2 — sample numbers. measuring the light scattering caused by the spherical large-
scale clusters of electrically active defedstandard low-
angle light scattering

the bulk of the crystals which underwent the internal getter- t?]N?j ’_’Ot_f thatl_an bl_rlrjtpofrtar;L adv_f;ntlage do_f the propqsed
ing procedure are structural defeétsost likely, precipitates method 1s 1ts applicability Tor the initial and in-process in-

and precipitate colonigswhich appear during the formation spection of the entire gettering production cycle. It makes it

of the getter and which serve as gettering defects. As for thgossible to investigate the effectiveness and stability of the

spherical defects, in our opinion, they are the atmosphere(},etter after any high-temperature operation. The equipment

formed around the gettering defects by impurity atoms drain-eran0de for low-angle light scattering measurements can

ing toward thent) The conclusions drawn are confirmed by easily be incorporated into a production process, and it al-

the correlation between the intensity of the light scattered b>;eady makes it po§S|bIe to ql,“Ck(W'thm 1-2 min) test
bstrates of practically any diameter.

the depleted regions around large-scale recombination-activé'°S" ) o
Finally, by investigating the temperature dependence of

defects and the etch pit density and by the increase in thﬁ1 ttering intensit I h i f
intensity of the light scattered by spherical defects following € scattering Intensity we can analyz€ theé composition o
le impurity atmospheres, i.e., determine which impurities

the appearance of a large number of defects exposed b stg
Iectivgpetching g P y are collected from the depleted zone by the gettering defects.

The intensity of the light scattered by inhomogeneities ofIn this case we should refer only to spot checking or labora-

any type is proportional to the produ€i{Ae)?, whereC is tory testing.
their concentration and e is the deviation of the dielectric
constant in them. In the case of the Iarge—scaIeS'
recombination-active defects detected by low-angle light In conclusion, we would like to focus the reader’s atten-
scattering with the photoexcitation of nonequilibrium chargetion on one more possibility of using infrared scattering,
carriers,A¢ is determined primarily by the concentration of which is extremely promising in our opinion.
the nonequilibrium carriers generated. At a constant photo- It can be used to perform nondestructive initial or in-
excitation level (concentration of nonequilibrium carrigrs process inspection of the presence of large-scale
the intensity of the light scattered by the depleted regionsecombination-active defects not only in the bulk of wafers,
around large-scale recombination-active defects is directlyut also directly in their near-surface regions. The proposed
proportional to the concentration of the large-scalemethod is similar to the method for revealing large-scale
recombination-active defects in the crystals; therefore, theecombination-active defects in the bulk of substrates, but
intensity of the light scattered by the depleted regions in thénstead of the “bulk” photoexcitation of electron-hole pairs,
low-angle light scattering experiments with the photoexcitait calls for the use of “surface” photoexcitatiotby, for
tion of nonequilibrium charge carriers is a direct measure oexample, pulses of the second harmonic of a neodymium
the concentration of large-scale recombination-active defectaser,A =0.53 um). In this case the nonequilibrium charge
in the crystals. carriers penetrate the near-surface silicon layer to a depth of
In the case of large-scale clusters of electrically active20— 30 wm during a measurement, and just this layer is ana-
defects the situation is significantly more complex. The valudyzed to determine the presence of recombination-active
of Ae in them is determined by many factors: the meanstructural defects and impurity precipitates itiit principle,
impurity concentration, the ratio between the number of disthe thickness of the layer investigated can be varied by vary-
solved impurity atoms and the number of precipitated impu-ing the pulse length and the detection tim€he main diffi-

~1.0

Log (1/W,)

LR

¥
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J
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The accumulation of structural defects in Si during the implantation of monatomic and diatomic
nitrogen ions under equivalent conditions, i.e., at the same energies per atom and flux
densities of the atoms, is investigated. The molecular effect in the accumulation of defects is
observed only at doses for which the damage level in the crystal lattice exceeds 0.15.

Under these conditions eachy Non creates the same number of stable defects as do;six N

ions. In our experiment$30 keV for Ny and 60 keV for N at room temperatujethe
amorphization doses are equal to 3<7B)*> and 1.25 10'® ions/cnt for NJ and N,

respectively. ©1997 American Institute of PhysidsS1063-782807)00310-4

1. INTRODUCTION. LITERATURE SURVEY addressed to Stevanowt al.® who reported the observation
of a molecular effect withy=1.4 in GaAs at 40 K. A depen-

The molecular effect in the accumulation of radiation dence of the accumulation of defects on the flux density of
defects in semiconductors under the action of heavy ionghe atoms may have been lacking in the experiments in Refs.
(As, Cd, Sb, and Tehas been known for a long timgee, 5 and 6 because of the low irradiation temperatures; how-
for example, Ref. land has been satisfactorily explained ever, it would have been worthwhile to specially verify this,
using the displacement spike and thermal spike conceptiongspecially in regard to the results in Ref. 5, where the depen-
In the case of heavy ions of any element, the molecular effeafence of the number of defects introduced on the ion dose
is manifested by the fact that ar; Xon (k is the number of ~was superlinear. Finally, Abroyan and Nikulinabserved a
atoms of type X in the ioncreatesykN, defects, wherédN,  molecular effect when Si crystals containing structural de-
is the number of defects created by a monatomic X ion withfects that had been created preliminarily by implanting argon
the same velocity, and the coefficiept-1. ions were bombarded at room temperature.

For light ions(with mass numberdl < 10— 20) the situ- A molecular effect has also been observed using boron
ation is more complicated in regard to the experimental setufiuoride and phosphorous fluoride io#$? It is even more
and the interpretation of the results, and the literature dataomplicated to ensure the equivalence of molecular and
are contradictory. The experimental complexity is attributedatomic irradiations in work with such ions. For example, for
to the possible dependence of the defect introduction rate oBF, ions with an energy [per a.m.u. oE/(11+ 19k) per
the ion current density for light ion&ee, for example, Ref. ion] and a current density, simultaneous irradiation by B
2). For this reason, to achieve equivalent conditions for irraand F~  ions with energies 1H/(11+1%) and
diation by X ions (k=1,2,3...), notonly equality of the  19E/(11+ 19%), respectively and a current densityor B*
energies and doses per atom, but also equality of the flusndkj for F~ would be equivalent. Such conditions were not
densities expressed in atorfesi?-s) must be ensured. The ensured in Refs. 8-10. In the investigation in Ref. 8 Si was
theoretical interpretation of the molecular effect, if such anirradiated at T=77 K by BF/ (1<k<3) and PE
effect exists, is complicated by the fact that the density of th€1<k<5) ions; unfortunately, neither the orientation of the
energy released in elastic collisions can be insufficient fobeam relative to the crystal axes nor the current density were
displaying spikes wheiM <10— 20. indicated. The damage excegavas determined as the ratio

When Si was irradiated aT=300 K by C", CO*,  of the number of defects created by a single molecular ion to
CO; , and(CgHg) ™ ions in Ref. 3, a clearly expressed mo- the total number of defects created by the corresponding
lecular effect was observed for all the idngincreased from  atomic ions. Groket al® scarcely observed a molecular ef-
v=3 for CO" to y=15 for (CqHg) *]. A molecular effect fect for the diatomic ions ¥=1 for BF" and y=1.07 for
was also observed for Ge and ¢@nd CQ ionsT=300K  PF"); however, wherk was increasedy reached values of
in Ref. 4 (y=1.5 andy=2.6, respectively We note that the 1.27 and 1.8 for the BF and PE ions. The molecular effect
differences between the values of the nuclear ch@rged  observed was interpreted in Ref. 8 as a manifestation of a
the mass numbek for the C and O atoms imparts some displacement spike resulting from the two- and threefold
uncertainty to the interpretation of the results in Refs. 3 andverlap of subcascades, which allows the achievement of a
4. In contrast to Refs. 3 and 4, Thompson and Walkea-  defect concentration sufficient for the passage of Si into the
diated Si with nitrogen ions afl=50 K and did not notice atomic state in the overlap region.
any differences in the accumulation of defects fof Bind In Refs. 9 and 10 Si was irradiated at room temperature
N, when the energieger atom and doses were equal. Un- by B*, F", BF, and BF ions. As far as we can tell from
fortunately, Thompson and Walkedid not concern them- the text, equivalent irradiation conditions were not ensured in
selves with the equality between the flux densities of thehese studiesthis refers to equality between the flux densi-
atoms in these experiments. The same criticism can also bis of the particles In addition, the complex nonlinear de-
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pendence of the number of defects on the ion dbsésee, 0
for example, Ref. 1lwas disregarded, the nonadditivity and a
noncommutativity of defect accumulatitrt®were not stipu- YALR Ry
lated, and the possibility of ion-stimulated annealing of the g6+ °7 / AN

defects during irradiation first by heavier io(s") and then x2 / :m N
AN

by lighter ions(B™)*was also disregarded. According to the k /
authors’ interpretation in Ref. 9, a molecular effect 2.5) !,
(y=1.5-2.5) was observed for the so-called surface defect g, ‘T
maximum(at depths up to 25 nm from the surfa@nd was 0.2
absent in the region of the bulk maximuiat x=R,). Kotai e 8 < B—g R ‘B\R
et al1° observed a molecular effecy1) near the surface ) ! . 1 1 ) A%
and a negative molecular effecy€1) in the bulk. .
Finally, in Ref. 15 silicon was irradiated &=900 K by & b
C, ions k=1,2,3,4,6, and Bwith energies of the order of
70 keV/a.m.u, i.e., 10—-100 times greater than in the paper:
cited above. Irradiation equivalenéwith respect to the flux 0.8
density was apparently not ensured. In addition, electron
excitation can play a significant role in defect accumulation. 0.6 1
Dabeli et al® observed a negative molecular effegt<{1) ’
for k=2,3,4, and 6 and a positive molecular effegt1)
for k=8 at depths up to several hundred nanometers. Ac- &%
cording to their data, at the end of the ion range the numbet
of defects per atom does not depend on the number of atom g2
in the cluster ion.
The foregoing analysis shows that to obtain unequivocal . .

1 1 1 1 1
answers to the questions of whether the molecular effect ex: 2 20 “ 60 80 00 120 140

ists, what type of ior(positive or negativemediates it, and x,nm

what mechanism underlies the effect we must ensure the

. " . - . FIG. 1. Profile of the relative defect concentratigncreated by N and Ny
equivalence of all the conditions for irradiation by atomic = . = 0 v S A =300 K with respect to the depta

and molecular ions, i.e., equality of the kinetic energies Ofthe inset shows the orientation of the sample during irradiation. Values of
the free atoms and atoms within a molecular ion, equality ofhe dose®, atoms/crf: a — 8.5 10", b — 3.75x10%. lons: 1 — Ny ,

the flux densities and doses for atoms of all kinds in the2—N; .
molecular and atomic regimes, equality of the temperatures
and irradiation times for atomic and molecular ions, and con-

stancy of the orie'nt.ation of the beams' relative tp the CryStaélectron reflection measurements with layer-by-layer re-
axes. Qf course, it is considerably easier tq achieve 'alll thest‘ﬁoval of thickness-calibrated Si laygemnodic oxidation fol-
conditions sw_nultaneously when molecular ions consisting Ofowed by dissolution of the oxide in HFThe values ofy
atoms of a single element are used. were calculated according to the procedure in Ref. 16, which
ensures satisfactory agreement between the results obtained
by this method and by Rutherford backscattering spectros-
copy.

In the present work $111) wafers were irradiated in the Figure 1 presents some examplg(x) curves after the
direction normal to the surface at room temperature By N irradiation of Si samples by N and N ions in doses
and N ions with energies of 30 and 60 keV and current® =8.5x 10" atoms/cri (a) and ® =3.75x 10'° atoms/crm
densitiesj =0.3 and 0.15uA-cm 2, respectively. Equiva- (b). It is seen that at the smaller doggg. 19 the atomic and
lent conditions were thus ensured for bombardment by thenolecular ions create the same number of defects. On the
monatomic and diatomic nitrogen atoms. The implantatiorother hand, wherb = 3.75x 10* atoms/cr, the molecular
was carried out on a standard lolla-2 implanter with a sectoN, ions created a continuous amorphous layer of thickness
magnetic mass separator. To ensure irradiation uniformit0—90 nm, while the value ofy for the atomic N ion
along the surface, the target under the beam was scanneglached the amorphous level only at the maximum of the
mechanically. The linear scan rate chosen corresponded to aefect depth profile.
ion-current pulse duration equal to 130 ms. Th#&1) plane Figure 2 shows plots of the dependence of the relative
of the wafers was deflected somewhat from the plane of thdefect concentration at the maximum of thgx) profile on
surface, so that a normal to the wafer surface would form athe dose of bombarding atoms. Curtecorresponds to the
angle of the order of 3° with th€l11) axis (rotation through N ions, and curve2 corresponds to N. It follows from
~1.4° about theDO axis and rotation through 2.6° about Fig. 2 that the two curves practically coincidedat 2 x 10'°
the 0,0, axis) (see the inset in Fig.)1 atoms/cr, i.e., up to a damage level;=0.15, and only

Profiles of the fraction of displaced atomg with re-  then do they diverge strongly on the steeper portions of the
spect to the depthk were determined by anisotropic inelastic curves. We note, incidentally, that the influence of the cur-

2. EXPERIMENT
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us by A. I. Titoy). We also note that the total number of

"0 defects was measured in most of the studies cited, while in
our experiments the concentration at the maximum of the
0.8r nyg(x) profile was determined. However, such a mechanism
10 kP 20xp for the molecular effect is unlikely in our experiments. In
0.6F fact, the deflection angle of the beam from ##l1) axis
g was ~3°, i.e., it was almost equal to the channeling angle
= o0.4f W.=4°20, and the N ions still had to traverse a distance
of 60 nm in a heavily damaged crystal virtually without scat-
tering in order to remain in the channeling regime.
0.2F . . . . .
3. The difference in damage accumulation during irra-
diation by molecular and atomic ions @t=300 K can be
0 7’ z' ' attributed to the thermal and ion-stimulated annealing of the

defects created by Nand N, ions. Unfortunately, it is dif-
ficult to quantitatively evaluate the contribution of these pro-
FIG. 2. Dependence of the relative concentratigp,, at the maximum of ~ C€sses to the observed effect.

the depth profile of the defects on the ddsdor N; (1) and N} ions (2, 3). 4. As is seen from Fig. 2, the molecular effect begins to

S o atmai Inca Ibelos 15 K ot 30 Ko show s siopas of % Manifested when the mean percentage of displaced atoms
initial .portions ogf the Ngma{P) curves calculated in the Kinchir?—Pease at the maximum of their depth pl’OfIle ref':lcheiS—_ 20%.
model for displacement thresholds equal to 10 and 20 eV, respectively. When ®=2X 10" atoms/cr, the defect introduction rate
dng/d® increases sharply, especially for thg Nons, and

can exceed the calculated damage rate in the linear model. In

rent density on defect accumulation is either totally absent ofi9- 2 the straight lines labeled 10 KP and 20 KP show the

is strongly suppressetsee, for example, Ref. 17This is  slopes of the initial portions of thagma(®) curves calcu-
also seen from a Comparison of the Slopes of cutvend lated in the Kinchin-Pease model under the assumption that

curve3 in Fig. 2. The latter was obtained when Si was bom-the threshold atom displacement energies are equal to 10 and

barded by ,\1 ions with an energy of 60 keV anfi=1 20 eV. We note that the slopes of these lines practically
wAlem?. coincide with the slopes of the steep portions ofrihg,,(P)

curves for the N and N ions.
According to the current theorigee, for example, Refs.
11 and 17, damage accumulation occurs on the steep seg-
Let us consider the possible mechanisms of the molecunents as a result of a spontaneous phase transition to the
lar effect as applied to our experiments. amorphous state in regions of the crystal where the defect
1. The thermal spike and displacement spike concepeoncentration exceeds a limitinghreshold value. Taking
tions, which have been used successfully in the case of heavgto account the latter circumstance and recalling that the
ions, are inapplicable for light ions, at least in their usualonly difference between molecular and atomic irradiation is
formulation. In fact, because of the low specific energythe synchrony £t<10 1°s) of the entry of the atoms of a
losses, the mean density of the energy released when Nmolecular ion into the crystal and the proximitfrom O to
ions are slowed in silicon does not exceed 0.1 eV per atonf).11 n) of their points of impingement, we believe that the
and an energy greater than the heat of fusion, i.e., greatéollowing qualitative model of the phenomenon is reason-
than 0.7-0.8 eV per atom, is required to display a thermahble. Whenny>0.15, the lattice is already prepared for the
spike(the melting of Si in a microvolumeln addition to the  phase transition to the amorphous state. However, for such a
low specific energy losses, the probability of the overlap oftransition to occur the inhomogeneously damaged matrix
the individual cascades created by the atoms of a dissociatedust still receive a certain amount of energy, which is
N, ion will be small because of the comparatively high needed to raise the concentration of structural defects to the
probability of the scattering of light atom{according to the instability threshold. All the individual subcascades created
estimate in Ref. 18, the volume of an individual cascade iy atoms of the molecular current are located within the
100 times smaller than the volume of the statistical cagcadestatistical cascade, i.e., within an ellipsoid of revolution with
This renders the displacement spike conception in its conminor semiaxes measuring30 nm. The number of subcas-
ventional form useless for explaining the molecular effect. cades created simultaneously within such an ellipsoid by a
2. When a crystal is bombarded in a crystallographicN, ion is two time greater than the number fof N
direction with low indices, it can be expected that at certain  As a result, the filling of the statistical cascade by simul-
depths a considerable part of th¢ Mons will still be moving  taneously created defects increases nearly twofold, and the
in the channeling regime, while the flux of atoms from theoverlap of subcascades has not been ruled out. Such tempo-
molecular beam will already be randomizétie N; ions  ral and spatial correlation of the subcascades, which allows
will dissociate in collisions, and scattering at angles exceedthem to “help” one another to destroy the crystal, also leads
ing the channeling angles will ocourThen, larger defects to the appearance of the observed molecular effect.
will be created by the molecular beam than by the beam of We used similar ideas in Ref. 7 to discuss the results of
N; ions at these depth@his possibility was pointed out to the molecular effect for N ions bombarding Si that was

5
P, n" atoms fem?

3. DISCUSSION OF RESULTS
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