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n-GaAs QUALITY DIAGNOSE FROM SHALLOW IMPURITIES PHOTOELECTRIC
SPECTROSCOPY LINE SHAPES DEPENDENCE ON ELECTRIC FIELD
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Institute of Physics of Academy of Sciences of Azerbaijan
370143, Baku, H. Javid av., 33

It is established experimentally that the low temperature photoelectrical spectra line width of shallow impurities depends not only on
charged impurity concentration N;=2N, and degree of samples compensation K=N,/N), as it was believed earlier. To a great extent it de-
pends on the impurity distribution inhomogenity also. For samples with homogeneous and inhomogeneous distribution of impurities line
width dependence on external electric fields, smaller than breakdown one, are different. This broadening mechanism allows to control the

quality of samples with nearly equal impurity concentrations.

1. INTRODUCTION

Shallow impurities photoelectric spectroscopy (SIPS) of
hydrogen like impurities consist in arising of lines in photo-
conductivity spectra (PS) of semiconductor, when electrons
localized on impurities are photo excited resonantly. It is an
effective method for investigations of SI in semiconductors
{1], and semiconductor structures, such as heterojunctions [2]
and quantum dots [3]. Considerable information can be ob-
tained from the investigations of the line broadening mecha-
nisms [4-6] and experimental line width. Convenient for this
purpose are optically allowed transition lines from the ground
state of SI (1s) to excited Zeeman states 2p_; and 2p., formed
in magnetic field H. Even for available purest samples of Si,
Ge, GaAs, InP the low temperature dominant broadening
mechanism of SI photoexcitation lines is concentration
mechanism (inhomogeneous broadening). This broadening is
a result of optical transition (for example /s—2p.,;) energy
differences for all impurity atoms from that of isolated impu-
rity atom owing to their interaction with surrounding impuri-
ties. In particular, in compensated semiconductors (K=>0. 1)
with charged impurities concentration N;=2KN, comparable
with Np, at moderate magnetic fields

(y = ha%m* ~ 1,hw,-cyclotron energy, ER*Y -
Y
effective Ridberg ), quadrupole-electric field gradient broad-
ening for Is—2p, lines is negligible[4], and broadening of
1s—2p.; line arises from the quadratic Stark effect shift of
levels by charged impurities electric field E. Then the line
shape would be determined by distribution of E? at the neu-
tral donor center, which in turn depends on charged impurity
distribution in semiconductor. These SI line broadening
mechanisms take place at impurity concentrations
Np<10™cm™ when each impurity atom can be considered as
an isolated one. In n-GaAs at high magnetic fields there ex-
ists SIPS at sufficiently higher concentrations also
Np<s10'%cm™ close to Mott transition case. It is natural that in
this situation the line broadening mechanisms would depend
on such a parameters as an impurity band width and potential

» of fluctuations.

Distribution of charged impurities around the optically ac-
tive neutral donors depends on two factors. The first is the
distribution of impurity atoms in semiconductor, which is
mainly determined by growing technology (we consider the
residual SI only). The inhomogeneous in impurity distribu-

tion causes an additional increase of the random potential in
semiconductor, which is the potential of fluctuations. The
influence of this potential on cyclotron resonance line shape
was established in [7-8] and it was used for quality control of
semiconductor samples with nearly equal neutral and charged
impurity concentrations [9]. The second is how the electrons
are distributed on impurities. In the case of high temperature
limit (T=0 ) it is a random distribution. But in the zero tem-
perature limit the distribution is correlated, providing the
Coulomb interaction energy of system of charged acceptors,
donors and electrons to be minimized [10]. In the random
electron distribution case the Is—2p., transition line width
depends on charged impurity concentration N; only, inde-
pendently on sample compensation K=N,/Np [4-5]. In the
correlated distribution case acceptors are charged taking elec-
trons from nearest donor [10]. Then with the same value of N;
the line width is smaller and strongly depends on X .

Distribution of electrons transforms from the correlated to
the random at temperatures [11]

kT >> (L1

g ' I,
(ra=(47/3N;)17% is the mean distance between charged
impurities, &~ static dielectric constant, k3 - the Boltzman
constant). In the case of strong inhomogeneous impurity sys-
tem they are collected into the clusters, which have higher
ionized impurity concentration (because of the pure regions
are between them) than the mean value for sample, deter-
mined from Hall measurements. Note that only these clusters
are optically active for the impurity absorption of radiation.
So, strong inhomogeneous in the impurity distribution must
cause an additional broadening mechanism for impurity ab-
sorption lines.

The distribution can be changed from correlated to ran-
dom not only with heating, but under any external perturba-
tion increasing the energy, for example, an electric field.

It is well established (see for example [4]) that in n-GaAs
at magnetic fields higher than 20 kOe excited state 2p.,
crosses N=0 Landau level and after the Is—2p., transition
electrons turn out isoenergetically in conduction band as in-
dicated in fig 1. For this reason there is not the necessity to
invoke other processes (field induced tunneling from excited
2p., state or impact ionization from it by free electrons ) to
explain the line generation mechanism in PS. Nevertheless in



this situation, as in the case when 2p.; state is below the con-
duction band, mechanism of photoconductivity can be con-
sidered as a photothermal one. Because of photosignal
AU~Ao=euAn, and under the radiation free carriers concen-
tration An=G;s_ y-0-T., Where photoexited carriers capture
time 7, in turn is depend on thermal ionization (and capture)
coefficients from states below the N=0 Landau level.

This work devoted to experimental investigations of the
SIPS Is-2p., line broadening mechanisms caused by SI in-
homogeneous distribution in n-GaAs epitaxial layers with SI
concentrations N,>10"cm?®. Some of the results obtained
already were used as a semiconductor quality analysis meth-
ods [12].

2. EXPERIMENT

The Is—2p.; transition line shape of residual donors
were investigated in n-GaAs using the laser magnetic photo-
electric spectroscopy method at moderate magnetic fields up
to y ~1. Photoconductivity spectra (PS) of samples were reg-
istered at fixed far infrared H,O and D,O -lasers radiation at
wavelengths ~119 p and ~84 p as a function of magnetic
field in the intervals (35+ 37) kOe and (60+62) kOe respec-

tively. PS were measured at different electric fields- from
linear region of current voltage characteristics (CVC) up to SI
break down electric field values E,.. At electric fields smaller
than the break down one the constant voltage regime
(R102a<<Rsamp1e) and at the break down the constant current
regime (Rsamp1e<<Ricaq) Was used. In order the true line
shape to be registered the precaution was taken the photocon-
ductivity, which is proportional to the change of sample con-
ductivity Ao, to be linear to radiation intensity in both re-
gimes. Parameters of samples and growth technology are
given in table 1. Samples of n-GaAs obtained by liquid phase
epitaxy (LP) and vapor phase epitaxy (VP). The thickness of
epitaxial layers were 20-100p. Hall measurements of samples
carried by authors of [13], in where the ways of determina-
tion of N,, K and p  from temperature dependencies of

conductivity and Hall-factor of samples are described. The
photoconductivity measurements were carried out by cross-
modulation method with modulation frequency 750 Hz of
radiation intensity. The experiments were made in Voight and
Faraday geometries of incident radiation and magnetic field
directions and all results given here not depend on geometry.

Table 1
n-GaAs samples parameters and widths of /s—2p., donors lines at linear region of CVC
Samples | Ny10",cm? | K=Na/Np | 4,,10% cm®V's | AE;;;(meV) | E;/2(meV)
H=36 kOe H=61 kOe
1LP 4.3 0.52 10 0.064 0.07
2LP 7.3 0.65 7.3 0.07 0.08
3LP 8.7 0.53 7.3 0.15 0.16
4LP 15.0 0.38 5.7 0.085 0.09 °
S5LP 4.22 0.36 8.6 0.136 0.14
6LP 43 0.52 10 0.062 0.065
7LP high purity - - 0.012 0.008

For investigated samples, according to (1.1), the random
distribution of electrons takes place at temperatures 7>20K.
It is known that at 7>20K more than 50% of neutral shallow
donors are ionized, and SIPS disappears in GaAs. It means
that at temperatures when SIPS does exist the distribution of
electrons is always close to correlated one. So we suppose
that at measurements temperature T=4.2K in the linear region
of CVC the distribution of electrons is nearly correlated.

3. RESULTS AND DISCUSSIONS

The results of 1s—2p.; line shape investigations for dif-
ferent n-GaAs samples are given in Table 2. The width AE

was measured at the half height of the line in magnetic field
unites 4H and then it was transformed into energetic unites

OE
AE = (_._liiz"_ﬂ) - AH. The rapidity of Is—2p.,

OH
transition  energy  increasing in  magnetic  field
OFE .o
%zO.ISmeV/kOe was determined from the two
H

magnetic field positions (as indicated in fig 2) of this line at
different laser quantum energies &£;;,~10.45 meV and
6‘54=14.71 meV.

Table 2
Samples | N,-10",cm™® | K=Na/Np | §meV | (4E;,,-6),meV | 6/4E;,, | B (%)
1LP 4.5 0.52 0.215 -0.145 3.07 -36
2LP 9.6 0.65 0.271 -0.191 3.39 -40
3LpP 9.0 0.53 0.269 -0.109 1.68 45
4LP 11.0 0.38 0.295 -0.205 3.28 -38
SLP 3.0 0.36 0.194 -0.054 1.39 50
6LP 4.5 0.52 0.214 -0.149 3.29 -38

First we will analyze the Is—2p., line shape at small
electric fields far from the break down one. The main results
are given below.
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1. As seen from tablel it is hard (except the purest sample
7) to find any correlation between the line width and SI con-
centration, on the one hand, and degree of compensation on
the other hand, in the intervals Ny~ 10'-10"* cm™ &~ 0.3-0.7.
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As a rule samples obtained by LPE technology have rela-
tively narrower SI Is—2p., photoexitation lines than those
obtained by VPE technology. For example in spite of higher
charged impurity concentration and compensation degree
than in sample 1, sample 5 has almost twice broader /s—2p.,
donor line in the linear CVC region. This fact can be ex-
plained by more inhomogeneous distribution of SI in sample
5. The quantities N, and K, usually determined from Hall
measurements temperature dependence, are mean values for
all sample volume. When impurities are distributed homoge-
neously then N, and K values in any part of sample equal to
the mean values obtained from Hall measurements given in
table 1.In the strong inhomogeneous distribution case in the
optically active parts of sample, where absorption of radiation
takes place, the impurities form clusters with higher concen-
tration than its mean value. It is obvious that this will cause
to broaden the lines.

2. Except the purest, all samples have symmetric line
shape as they are shown for two of them in figure 1.

|
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Fig.1. Shallow donor and N=0, 1 electron Landau states for
GaAs at y=1. Conduction band bottom at H= 0 corres-
ponds to zero of energy.

3. High purity sample's line shape is asymmetric (fig.3),
having nearly all width at lower energy (or higher magnetic
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field) side, as it must be for quadratic Stark effect broadening
mechanism. Narrowing of the /s—2p.; line with increasing
of magnetic field in this sample also is the result of quadratic
Stark effect broadening mechanism in pure samples. Narrow-
ing of Is—2p.,; donor's lines with magnetic field increasing
was also observed in [14] for very pure n-GaAs samples .

Photo resp., arb. un.
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Fig.2. Photoconductivity as a function of magnetic field for
sample 1 (lower PS) and sample 2 (upper PS)at A~ 119 p
(left) and A~ 84 pu (right) wavelengths radiation. Applied
voltage is about 1V.
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Fig.3.PS of different donors of high quality sample 7 (A=119 p).
The line width is not depends on applied voltage, as in the
case of [14].




4. It is also notable that the line widths of all samples (ex-
cept the purest) with N;>10™ cm™ do not decrease with mag-
netic field value as it can be seen from the comparison of PS
at different magnetic fields for two samples shown in figure 2
and for all samples in table 1. On the contrary there are some
line width increasing tendency with increasing of magnetic
field. But for both knowing inhomogeneous (quadratic Stark
and quadrupole-gradient) broadening mechanisms in the in-
dicated regions of magnetic fields the /s—2p., line width
must decrease with increasing of magnetic field.

All the above given experimental results show that there
is an additional inhomogeneous line broadening mechanism.
Let we consider the possibility of the influence of the poten-
tial fluctuations on the Is—2p.; line broadening. Note that
this would be possible only at high impurity concentrations
when impurity states broaden and form an impurity band first
for the excited states and then for the ground one. In order the
impurity band width would to give a contribution to SIPS line
width it is necessary to suppose that parallel with the intra
impurity the transitions and transitions between impurities
(from the 1s state of a given neutral donor to the empty ex-
cited 2p., state other charged donor) are to take place. At
high SI concentrations it becomes possible because of SI ex-
cited states wave functions are partially overlapped. It is ob-
vious that this broadening mechanism cannot take place in
the framework of the inter impurity absorption of radiation. It
was shown in [15] that the distribution of this potential when
charged SI randomly distributed in semiconductor has a form

62¢2
exp[— 7 ] G.D

0.42 - elel,/jKWe;l being mean square

Flep) =

1
yVm

with I” =

~value of the potential energy fluctuations. If to substitute

I’ = 257 the expression (3.1) would be in usual Gaus-

sian form with the line width

r==L-

NE]

The energy of fluctuations /" increases with increasing of
impurity concentration and compensation degree and in n-
GaAs at concentrations N;>10" cm™ it becomes SIPS lines
dominant broadening mechanism. The values of & for sam-
ples investigated with £,=12.5 are given in table 2. Being the
same order of magnitude as the AE they are about 1.5 and 3
times greater than the experimental /s—2p.; lines width for
VP and LP samples respectively. To demand that the & must
to have the same value as an experimental line width AE
means to neglect intra impurity transitions at all, and to sup-
pose that between impurity transitions takes place not only
between adjacent impurities, but with equal probability, be-
tween any of them. Note also that (3.1) and (3.2) takes into
account only random distribution of impurities. Inhomogene-
ous impurity distribution would cause the more local concen-
tration Np in the optically active parts of sample and as a con-
sequence the more value of & and hence the line width, con-
nected with inhomogeneous distribution of impurities. Be-
cause of the potential fluctuations depend not only on impu-

0.29 - e’NY°KY 'g;' | (32)

47

rity concentration, but on distribution character of SI also,
this broadening mechanism can be used in quality control of
samples [12]. It is clear that the values of AE as well as AE-§
can to serve as a measure of SI distribution inhomogeneous
degree in samples with nearly equal values of N, and K, so
that the smaller them the more are the quality of samples.
One can put a question. Is it possible to compare the SI in-
homogeneous distribution of samples with much different N,
and K? It is obvious that if the sample with higher charged SI
concentration has smaller or equal line width then it has the
more homogeneous distribution of SI. But in arbitrary case
the value of 8/4FE is suitable parameter for such a compari-
son as it seen from table 2, so that the higher §/A4E the higher
is the quality of samples from SI homogeneous (or random)
distribution point of view.

This conclusion is in accordance with the results of inves-
tigations of line width dependence on electric field. It was
found that at electric fields smaller than the break down the
dependence of Is—2p., SIPS line width on electric field is
different for different samples. In figure 4 this dependence is
shown for two samples with most inhomogeneous (sample 5)
and homogeneous SI distribution (sample 1). With increasing
of applied electric field smaller than break down, it was ob-
served both- increasing as well as decreasing line width
(curves 1 and 2 in fig.4). For other samples the changes of
lines width (4AE-AE..4) AE;,,=f are given in table 2. There
is seen a good correlation between this value and 5/4E
which is the SI distribution homogeneity measure of samples.
At the current avalanche increase region of CVC for all sam-
ples the drastic narrowing of /s—2p.; SIPS lines takes place
[16]. The narrowing at break down is the result of screening
of charged impurity Coulomb potential by free electrons aris-
ing in result of theirs avalanche throwing from the part of
neutral donors into the conduction band.

If consider electric fields smaller than break down, the
experiments show that only in inhomogeneous samples we
have a gradual natrowing of Is—2p., SIPS lines with in-
creasing of electric field, as it indicated in fig.4 (curve 1).
This can be explained in the following way. Far wings of line
in PS correspond to those neutral donors which are placed at
high potential fluctuations and as a consequence around them
the charged impurity concentration is higher than the mean
value for sample. External voltage applied on inhomogeneous
sample will distributed inhomogeneously creating more elec-
tric field values in parts of sample with higher charged impu-
rity concentration. On the other hand in clusters with high
impurity concentration the potential of ionization must be
lowered (for example in Mott transition case, when
ND-a;3 >0.25, for n-GaAs taking place at N;>2:10' cm” the
SI break down potential is zero because all donor electrons
already are free [17] ). For this reason with increasing of
electric field the neutral donors in clusters with high impurity
concentration (which cause the photoconductivity signal far
from the line center) must to be ionized the first. In turn this
would cause narrowing of /1s—2p., line.

For samples with homogeneous SI distribution at fields
E<Epy the I1s—2p.; line width increases with electric field.
The typical Is—2p.,; line width dependence on applied volt-
age for VP samples is shown in fig.3 (curve 1). Our compari-
son of theories for uncorrelated [5] (T=<0) and correlated [6]
(T=0) electron distribution the quadratic Stark broadening
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Fig 4. Electric field dependence of Is—2p,, line width of two
samples (A~119 p): 1 - samplel; 2 - sample5; 3 - CVC of
samplel at ELH and H=36.5 kOe.Sample 5 has nearly the
same CVC. Distance between contacts is about 3 mm.

calculations for n-GaAs sample with N,=4-10" cm® and
K=0.5 shows that in the first case the charged impurities elec-
tric field distribution function P (E?) gives the Is—2p., line
4.5 times broader. In the first case we take
2
p(e?) = = £%f ax -
0

R X - exp(—- B x%) sin(E'zx)

after the analogy of Holtzmark distribution, where electric

\ %
. . eN; 14 J
field E - in units of ( Lt e, | and ,B=———(2n')/2. So,
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we believe that at T™=4.2K an external electric field can
change the electron distribution towards to uncorrelated, so
that to explain the 1.5 times broadening of the /s—2p., line,
as it was observed for LP sample 1. As it is seen from the
curve 1 of fig. 4 a strong increase of line width takes place
near the break down field. Note that near the break down
field electron distribution changes must to be strong.

Another experiment directly shows that the external elec-
tric field smaller than E,, changes the distribution of elec-
trons on donors appreciably. If there are different kinds of SI
in semiconductor with comparable concentrations, as it is
shown in PS of samples land 6, the real ground state would
be the 1s state of the donor having maximal chemical shift
value (the first line in the PS in magnetic field). As a result of
this, at low temperature, when electron distribution is corre-
lated, the acceptors must to be charged, basically, on account
of donors having minimum central cell correction (chemical
shift) value (the last line of PS in magnetic field). In fig.5 the
dependence on electric field is shown for the relation of in-
tensities of these lines (S;/S.) indicated as 1 and 2 in the PS
shown in the sketch. The difference in ground state energy
for these donors obtained from magnetic field positions of
corresponding lines (44~0.6 kOe) is about 0.1 meV. As seen
from fig.5 the relative population of donors 1 by electrons-

o0
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(5;/8,) increases with increasing of electric field about 10%.
This result is not depend on how would be determined the
lines intensities; S;-as integrated from the right side line
width for line 1 (see sketch of fig.5 ) and, S,- from left side
line width for line 2 or as a PC peek intensity. Sample 6 as it
seen from the sketch of fig. 5 has very similar PS as the sam-
ple 1 in fig.2, which was taken from the same ingot. They
have two donors with nearly equal concentrations. For this
reason the influence of two lines to one another is the same.

2
s, I A
—— 2=
S, —

s Y

E, Vem' .

Fig.5. The electric field dependence of two shallow donors
Is—2p. lines intensity relation S;/S,, which ground
states energy difference is ~ 0.1 meV .The PS is shown in
sketch (sample 6).

There are one more consequences of the fluctuation

(1‘71/2)}é |

broadening mechanism.Substituting (KN o )% =
in (3.2) the & can be written in the form

2n s
N3
22 . 0.23e2NIV33"1 (3.3)

since for the samples used K > 0.36 all of k'/? values are
between 0.92 and 1. So for fluctuation broadening mecha-
nism there is not such a strong line width dependence on

charged SI concentration as N fé (for quadratic Stark) or Ny
(for quadrupole-gradient) as in cases [4-6]. The line width
also practically does not depend on K on the contrary to a
strong K dependence in [6]. If to compare LP samples only
grown in the same conditions (samples 1, 2, 4 and 6 in table
2) one can see that N; dependence of the lines width is much
weaker than the linear and there does not any K dependence
for them. In fig.6 the curve shows the dependence (3.3). In
order to compare the N;-dependence of samples line width
with (3.3) their experimental line width AE were linked with
& via sample 1 (placing corresponding point on curve), which



experimental line width about 3 times greater than 6. As seen

from this comparison the AE dependence on N; is very close
to (3.3).

ot i i H i i
L R B ]

22 o4 86
N_{ '1045. cm®

Fig.6. The dependence of § on charged impurity concentration
N from relation (3.3). Points correspond to sample 1,2,4
and 6 which lines widths are linked to & via the sample 1.

The growth technology for LP n-GaAs films on p-GaAs
bulk samples requires substantially higher temperature, at

which SI are more randomly distributed than for the VP sam-
ples. It may be that this is the reason why LP samples in
comparison with the VP ones have more homogeneous SI
distribution.

4. CONCLUSION

A new broadening mechanism of Is—2p., SIPS lines
were established which takes place in n-GaAs samples with
N;>10" cm™ and connected with the potential fluctuations.
Because of this potential depends not only on charged SI
concentration but on SI inhomogeneous distribution also, an
additional broadening of lines arises as a result of SI distribu-
tion inhomogenity. At E<E,y homogeneous and inhomoge-
neous SI distribution in samples causes the different depend-
ence on external electric field for the line width. The results
obtained extends the opportunity of n-GaAs samples quality
control by SIPS method. In particular, they allows to diag-
nose SI distribution and to check more homogeneous sample
among those having nearly equal N; or Np and K.
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DAYAZ ASQARLARIN FOTOELEKTRIK SPEKTRLORININ X0 TLORI FORMASININ ELEKTRIK
SAHOSINDON ASILILICI VASITOSI ILO n-GaAs-NIN KEYFIYYOT DIAQNOSTIKASI

Géstorilmisdir ki, asag1 temperaturlarda dayaz agqar fotoelektrik spektrlori xetlorinin eni tokco asqar ionlarmim konsentrasiyasi
. N;=2KN, ve kompensasiya derecesinden K=N,/N, asth deyildir. Xetlerin eni daha gox agqarlarin qeyri-bircinsli paylanmasindan asi-
lidir. Asqarlarin bircinsli ve qeyri-bircinsli paylanmasi hallarindan xetlerin eninin elektrik sahesinden asiliif miixtelifdir. Xetlerin
bu genislonme mexanizmi kompensasiyanin vo konsentrasiyanm yaxm giymetlerinde yarmkegiricilerin keyfiyyetini diagnozlagdir-

maga imkan verir.
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0.3. Anekneposn

JUATHOCTHKA KAYECTBA n-GaAs U3 3ABUCUMOCTH ©OPMbI JIHTHAH @OTOIJIEKTPUUECKHNX
CHEKTPOB MEJIKUX IPUMECEM OT JIEKTPHYECKOTI'O ITOJISL.

OKCNIEpHMEHTANBHO YCTaHOBIEHO, YTO HMIMPHHA HH3KOTEMIEPATYPHEIX IHHHM (DOTOIIEKTPHYECKHX CIIEKTPOB MEIKHX HpHUMeceH
3aBHUCHT HE TOJNBKO OT KOHIICHTPALMM HOHM3MPOBAHHEIX mMpuMecel N;=2KN, ¥ CTENeHH KOMIEHCAUHH K=N,/Np KaK CUMTAIOCh paHee.
IllupnHa muHuii B Gonblmelf CTEMEHM 3aBHCUT OT CTENEHH HEOJHOPONHOCTH paclpeleNeHHs MeNKuX mnpumeceit. Jlng obpasuoB ¢
O/THOPOZIHBIM M HEOAHOPOAHBIM pachpeleNieHNAMH NpuMeceli 3aBHCHMMOCTb LIMPHHBI JIMHUM OT 3IEKTPUYECKOro Mons pasHas. JlaHHBIA
MEXaHH3M YHIIMpEHHs MO3BOAET KOHTPONHPOBATh KauyeCTBO OOpa3sloB C GNM3KHMH 3HAYCHHMAMH KOHLCHTpauUMi MENKUX npumeceit u
CTEIIEHH X KOMIICHCALIMH,

Hama nocmynnenun: 02.12.98 Peoaxmop: @.M. I'awumsade



