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The dependence of electron mobility // on temperature T  in GaAs and Al* Ga, . *As indicates 
that for compensated material a term hav ing //a7 ’’l/2 causes a significant reduction in the 
mobility measured at high temperatures. The magnitude of the T~l/2 term in mobility, denoted 
/nCA, is found to be linearly proportional to the compensating acceptor concentration over a range' 
of more than two orders of magnitude in samples with no intentional doping where carbon is the 
major compensating acceptor. Intentional compensation using Ge and Zn is found to have no 
effect on/j,CA. Illumination (hv > E c ) has no effect on/zCA. Such illumination is demonstrated to 
significantly reduce the size of space-charge layers at the n-i interface. Thus, the T ' U2 mobility is 
not due to scattering by space-charge regions as has been previously assumed. The acceptor C, or 
an associate involving C, is concluded to be the scattering center responsible for f iCA. The effect 
may be due to the short-range central-cell potential resulting from the large electronegativity 
difference between C and the As for which it substitutes in the lattice.

PACS numbers: 72.10.Fk, 82.20.Dp, 72.80.Ey

I. INTRODUCTION
The low electron mobility measured at room tempera

ture in some samples of GaAs and other semiconductors has 
remained a puzzle for over 20 years. The mobility calculated 
for ionized impurity and phonon scattering describes satis
factorily the mobility in high-purity relatively uncompensat
ed samples.12 However, particularly for highly compensat
ed samples, the measured room-temperature mobility is 
considerably lower than calculated.3"5

Early workers invoked unspecified mobility “killer cen
ters” to explain the reduced mobility. At relatively high tem
peratures, where ionized impurity scattering is negligible, 
the mobility limited by these killer centers was found to be 
proportional to T  ~n where \ < n  < 1. Weisberg3 proposed 
that an inhomogeneous distribution of either donors or ac
ceptors would cause small />-type regions, each surrounded 
by a space-charge region, in otherwise n-type material. Such 
space-charge regions would be most likely to be formed in 
highly compensated material where NA ~iVc .

Weisberg3 showed that the mobility limited by scatter
ing from these space-charge regions should indeed be pro
portional to T~1'2, based on the idea that the local perturba
tion of the conduction band by the formation of the space- 
charge region could be thought of as forming impenetrable 
obstacles. Con well and Vassel6 later calculated the mobility 
to be

t*sc =
2.4 X109 ■ (cm2/V  s), (1)

Ns Q (T m * /m oy ' 2

where N t Q is the density-cross-section product for the 
space-charge regions and m* and m 0 represent the effective 
mass and free mass for electrons.

Many reports of such space-charge scattering have been 
made, based solely on the observation of the T~X/2 depen
dence of mobility. Space-charge scattering has been invoked
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not only for GaAs, InAs, and InP,3"5 but also for II/V I com
pounds such as CdTe, CdSe,7"9 and also for SiC.10

Electron mobility has been studied in some detail for 
both high-purity and compensated GaAs and the closely re
lated alloy Al* Ga,_* As. Thus these results will be summa
rized in more detail. High-purity (N D +  N A < 1014 cm'3) 
GaAs epitaxial layers can be grown by both liquid-phase 
epitaxial (LPE) and AsCl3 vapor epitaxial (VPE) growth 
techniques. These yield room-temperature electron mobil
ities of ~9000 cm2/V  s and 77 K mobilities of 2 x  105 
cm2/V  s.11 12 However, in many samples of nominally un
doped (hereafter referred to as simply undoped) GaAs 
grown from the melt,13 by LPE14 and by AsC13 VPE,315 
considerably lower 300 K mobilities are reported. In all 
cases the temperature dependence of mobility shows that the 
reduction is not due to ionized impurity scattering, which is 
proportional to T 3/2, but is due to a mechanism where 
fi tx T A'2. With no further evidence, the reduction in mobil
ity was attributed to space-charge scattering. Katoda and 
Sugano4 made the significant observation that the space- 
charge-scattering factor N s Q is proportional to the compen
sation, although Stringfellow16 later showed that the results 
could better be understood as Ns Q being proportional to NA 
for both GaAs and Al* Ga, _ * As in the direct band gap re
gion (x<0.35).

This brief introduction indicates that this scattering 
which results in fi oc T ' X/2NA severely affects the electron 
mobility in compensated GaAs and Al* Ga! _ * As. Since the 
scattering mechanism has not been firmly established to be 
due to space-charge regions, this contribution to the mobil
ity will be referred to here as fiCA, the electron mobility due 
to the acceptors in compensated semiconductors.

This work will be devoted to developing a better under
standing of the physical origin of fiCA. In highly compensat
ed samples of GaAs and Al* Ga, _ * As grown by LPE, or- 
ganometallic VPE (OMVPE), and molecular beam epitaxy 
(MBE), the temperature dependence of mobility will be re
ported. In addition, the effect of illumination (hv  > E c ) on 
the temperature dependence of mobility will be described.
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TABLE I. Effect of illumination on the electron scattering in GaAs and Al^Ga, . ,  As.

Run
No.

Growth
technique

Thickness
(/im) X

«(300 K) 
Dopant (cm 3)

Dark Illuminated
ND +  Na 
(cm-3)

/“ c a  T-V1 
(V s/cm2 K ,/2)

/* C A

(V s/cm2 K'/2)
( A ’o + N a )  

(cm"3) A (nm)
A t / t d 

(77 K) 2 t V D/ ‘0

1033A MBE 1.8 0 Ge 1.46X1016 1.30X1017 1.19X IO"5 1.16X10'5 1.15X1017 800 0.25 0.28
M040 LPE 6.0 0 U 5.1 X1015 1.00X1016 2.80 xlO-6 2.80X106 1.00X1016 800 0.12 0.15
LS96 OMVPE 5.0 0.06 U 2.1 X10'6 1.87X10'7 7.77 X 10"6 7.77 XlO"6 1.87X10'7 750 0 0.08
1401 MBE 1.5 0.25 U 7.5 X1016 5.30X1017 1.24X10'5 1.24 X10‘5 5.00X10'7 650 0 0.15
LSI 47 OMVPE 2.0 0.35 U 1.47X10'6 3.70X1017 1.83 X 10-3 1.83 XlO-5 3.20X1017 650 0.26 0.25

Illumination would be expected to shrink the space-charge 
regions and hence cause a major increase in the mobility 
limited by space-charge scattering. In addition, the relation
ship between / iCA and NA over a large range of N A will be 
reported. Finally, the results of an effort to identify the ef
fects of various compensating acceptors on /xCA will be 
presented.

II. EXPERIMENTAL
The GaAs and Al* Ga, _ * As epitaxial layers studied 

were grown on Cr-doped semi-insulating GaAs substrates 
by LPE, OMVPE, and MBE techniques. The LPE samples 
(supplied by Bauser and Linnebach of the Max-Planck-In- 
stitut fur Festkorperforschung) were grown in a standard 
graphite apparatus from Ga-rich solution17 at a substrate 
temperature of 760 °C. The OMVPE samples were grown in 
an SiOz cold-wall apparatus18 with the substrate sitting on 
an rf-heated graphite pedestal at temperatures between 700 
and 750 °C. The Ga, Al, and As were transported to the 
growing surface using volatile organometallic compounds 
[Ga(CH3)3 and A1(CH3)3] and AsH3, respectively. The 
growth was carried out in a flowing Pd-purified H2 ambient.

The MBE GaAs samples were grown in an UHV appa
ratus without sample exchange interlock or cold shroud.19 
With this technique, molecular beams of Ga and As are di
rected from resistence-heated graphite containers onto the 
substrate held at between 520 and 620 °C. All samples were 
Ge doped from a third Ge oven. In Table I the growth condi
tions are listed along with the materials properties for impor
tant samples referred to in Sec. III.

Hall effect and conductivity measurements were per
formed on standard cloverleaf-shaped van der Pauw sam
ples. Contacts were alloyed In or Sn balls. The measure
ments were performed at currents of between 104 and 106 A 
using a magnetic field of 5 kG. The samples were illuminated 
with monochromatic light with a very low intensity of < 1013 
photons /cm 2 s. The contacts were shielded from th£ light. 
The data were analyzed considering ionized impurity, polar 
optical, piezoelectric, deformation potential, and compen
sating acceptor scattering described in detail in Ref. 16 with 
N a and the compensating acceptor scattering amplitude 
(Aca T~l/2) used as adjustable parameters to give a best fit of 
the calculation to the experimental f i -v s -T data.

Photoluminescence (PL) was used to identify the ac
ceptors in the GaAs20 and Alx Ga! _ * As.21 The measure
ments were performed with the sample immersed in liquid
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He at 2 K and irradiated with the 6471-A line of a Kr laser 
focused to a spot of area ~  10'3 cm2. The power was typically 
1-10 mW. The PL was collected through a Spex monochro
mator with better than 1 A resolution and detected using a 
cooled GaAs photocathode photomultiplier.

III. EXPERIMENTAL RESULTS
Several highly compensated specimens of GaAs and 

Al* Ga, * As were chosen for the study of the effect of illu
mination on the compensating acceptor, CA, scattering. The 
important parameters for these specimens are shown in Ta
ble I. For MBE specimen 1033A the electron-mobility-vs- 
temperature data can be fit very well by the calculation 
which includes ionized impurity, polar optical phonon, pi
ezoelectric, deformation potential, and CA scattering, as 
shown in Fig. 1. This sample is seen to be highly compensat
ed, (Nd +  N a ) /{N d — N a ) is determined to be 8.9, and CA 
scattering to be quite strong. Since//CA °c T ' h'2, it is conve
nient to indicate the magnitude of the scattering due to ac
ceptors in the space-charge region as A  — P c a T  1 / 2 , 

which is tabulated in Table I,
Illumination at a wavelength of 800 nm is seen in Fig. 1 

to cause a considerable increase in mobility at lower tem-

Temperature ( K )

FIG. 1. Effect of illumination on the electron-mobility-vs-temperature be
havior for three samples of GaAs and Al , Ga, , As having a strong T U1 
component of mobility. Solid data points were measured in darkness and 
open points with illumination.
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peratures but little change at higher temperatures. The val
ues of N d +  N a and SCA under illumination were deter
mined by making a best fit of the calculated curve to the 
experimental data. The effect of illumination on ionized im
purity scattering is already well documented.22 The increase 
in mobility is due mostly to a combination of increased 
screening by the photoexcited carriers and to the neutraliza
tion of some of the acceptors by the movement of the quasi- 
Fermi level for holes. Since both effects are lumped into a 
change in the concentration of ionized impurities, N D +  Na 
is placed in parenthesis in Table I. Optical phonon scattering 
is not affected by illumination.22 The most important obser
vation is that $CA does not change appreciably with illumi
nation. The increase in mobility is due almost entirely to the 
decrease in ionized impurity scattering.

At these low excitation levels the concentration of pho
toexcited carriers in a homogeneous sample is rather low. 
Assuming r ~  10 9 s, An — 10s cm'3. For n-i multilayer struc
tures with a thin n layer, Queisser and Theodorou23 found 
that the values of An  can be somewhat larger than for a 
homogeneous sample. This effect is reflected in the results 
for 1033A where the n-layer thickness is 1.8 fim. The change 
in the ionized impurity scattering is much larger than ex
pected for An — 108 cm'3. For thicker specimens, such as 
M040 and LS96, the effect of the multilayer structure is 
small. Thus, as seen in Fig. 1 for LS96 the mobility even at 
low temperatures is affected very little by illumination. The 
values of N D +  N A and SCA, as listed in Table I are both 
unaffected by illumination for these thick samples.

For the Al^Ga, x As samples 1401 and LS147, the 
compensation ratio is rather high and the results are the 
same; namely, the ionized impurity scattering is decreased 
slightly, but the magnitude of the CA scattering is absolutely 
unchanged. The A \x Ga, _ xA s  specimens are, of course, il
luminated at shorter wavelengths (650-750 nm) to allow the 
production of hole-electron pairs.

Because we are interested in the effect of light on space- 
charge scattering, it is important to demonstrate the effect of 
light of the selected wavelengths and intensities on observ
able space-charge regions. Queisser and Theodorou23 have 
demonstrated that the space-charge region produced at the 
interface between an ra-type epitaxial layer and the semi-in
sulating substrate can be substantially altered by illumina
tion. The change in the width of the space-charge layer in
duced by the illumination, which it should be noted has 
virtually no effect on /xCA, is illustrated in Fig. 2 for the n-i 
structure 1033A. The measured quantity is the Hall effect 
voltage ( VH) which is inversely proportional to the product 
of carrier concentration, n, and the conducting layer thick
ness, t. The magnitude of the effect of illumination is conve
niently expressed as the change in V „  1 induced by illumina
tion normalized by V ̂  ' measured in the dark which may 
also be written A (nt ) /(n t  )d .

At low temperatures the effect is rather large for sample 
1033A, with A ( n t ) / ( n t ) d =  0.25. This is approximately 
what would be expected if n remained unchanged and the 
space-charge layers at the top surface and at the interface, 
which act to decrease the thickness of the conducting layer,24 
were totally eliminated by the illumination. For
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Temperature (K )
FIG. 2. Change in the product of n (cm 3) and conducting layer thickness, t 
(cm), with illumination normalized by the value measured in darkness for 
sample 1033A. The solid line was calculated as described in the text.

n =  1.5 X 1016 cm"3 the combined widths of the two regions 
would be ~0.50//m .25 The values of twice the depletion 
layer width at zero bias divided by the metallurgical thick
ness of the epitaxial layer, t0, are tabulated for comparison 
withal (nt ) / (n t ) d in Table I. The conclusion that the effect of 
illumination is mainly due to the decrease in the space- 
charge layer width is in agreement with recent observations 
of Queisser and Theodorou.23 For thick samples, the reduc
tion of the space-charge width produces a smaller value of 
A t / t 0 as seen in Table I. It is also observed that even for the 
relatively thin MBE sample 1401, no change in nt is ob
served. This could be caused by a large interfacial recombi
nation velocity due to a poor substrate-epilayer interface.

The effect of light on the space-charge layer width is 
dramatically reduced with increasing temperature, as seen in 
Fig. 2. This data demonstrates a significant point. Namely, 
the hypothesis that fiCA is due to space-charge scattering is 
not disproven by the observation of no change in the 300 K 
mobility with illumination. The size of the space-charge re
gion changes very little with illumination at 300 K. We must 
examine the effect of illumination on mobility in the entire 
range from 77 to 300 K. From such an analysis it becomes 
clear that fiCA could not be due to space-charge scattering, 
as will be discussed in more detail in Sec. IV.

The final topic to be presented in this section is the 
wavelength dependence of A/n and At. For sample 1033A 
(GaAs), the band gap varies between 1.424 and 1.508 eV in 
the temperature range 300-77 K.26 The photon energy of the 
illumination, 1.549 eV, is higher than the band-gap energy 
but is in the region where a  is approximately27 104 cm '1 for 
the doping levels considered here. Thus the excitation is rela
tively uniform for 1-2-^m-thick epitaxial layers. For the 
Al* Ga, _ x As alloys the wavelengths of 650 nm (x =  0.25
0.35) and 750 nm (jc =  0.06) were chosen to give a ~ 1 0 4 
cm '1 between 77 and 300 K.

For several specimens the Hall effect and conductivity 
measurements were made at several wavelengths between 
600 and 900 nm. The effects were qualitatively independent

G.B. Stringfellow and H. Kunzel 3256

Downloaded 10 Oct 2007 to 155.97.12.90. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://jap.aip.org/jap/copyright.jsp


of wavelength, but the magnitude of Aji and A (n t)  changed. 
For A =  900 nm, very few electron hole pairs are produced 
and both Afi and A ( n t ) were observed to be small. At 
A =  800 nm for the A lv Ga, t As samples, significant elec- 
tron-hole pair production occurs only in the substrate. In 
this case the measured effects of illumination were again 
very small. For A =  600 nm only the surface of the epitaxial 
layers is excited. This increases the amount of surface recom
bination and hence reduces the magnitude of both Apt and 
A (n t)  somewhat. In general, the magnitudes of the two quan
tities Ajx and A (n t ) scaled together as A was changed. The 
effects were exactly the same for all wavelengths, namely, 
f iCA was not affected by illumination. These results are con
clusive evidence that the effects measured are not artifacts 
due to photoconductivity in the substrate. The excitation of 
the substrate is not significant because of the weak excitation 
intensity used.

IV. DISCUSSION OF RESULTS
A. Model of temperature dependence of /zsc with 
illumination

The experimental results show quite clearly that illumi
nation nearly eliminates space-charge regions at 77 K, but at 
higher temperature little change is observed. The effect of 
illumination on the electron mobility appears to be limited to 
a small increase in the ionized impurity limited mobility due 
to a combination of increased screening and a reduction in 
the concentration of ionized acceptors. By contrast, space- 
charge scattering is thought to be due to perturbations in the 
conduction band by the space-charge regions distributed 
throughout the sample. Photoexcited minority holes would 
be collected at these space-charge regions and excess elec
trons would be repelled. As the result, a field would be built 
up which would reduce the size of the space-charge region 
and the magnitude of the perturbation in the conduction 
band. Our data shows that the CA scattering is unchanged 
by illumination. This strongly suggests that space-charge 
scattering is not the mechanism for the component of the 
total mobility which is proportional to T  1/2. However, the 
conclusion could be strengthened by modeling the complex 
temperature dependence of the space-charge width, using 
this to derive an expression for /usc versus T  under illumina
tion, and comparing the results with experimental data.

A first-order model for the effect of illumination on the 
space-charge layer width will be based on a model developed 
for solar cells. The space-charge layer width may be written

W =  [2es (Vh, +  V )/q (N D - N A) ] 1'2 (2)
for «-type material with a potential V applied across the 
space-charge layer. Vbj is the built-in potential, es is the low- 
frequency dielectric constant, and q is the electron charge. In 
the dark, W  changes very little with temperature. The effect 
of light is to produce a voltage V  which reduces the space- 
charge width. The simplest model to predict V versus tem
perature is the solar-cell model28 for the open-circuit voltage 
illustrated in Fig. 3. We assume that every photon which 
enters the crystal produces an electron-hole pair which is 
then separated by the field, giving rise to a current Jph. In the
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FIG. 3. Schematic diagram of the 
equivalent circuit for the solar-cell 
model of the open-circuit voltage in
duced in a n-i junction by 
illumination.

open-circuit condition this produces a forward voltage 
which at steady state produces an equal and opposite cur
rent. From the behavior of p-n junctions we know that the 
forward current has two components, given by29

Jdj- =  Js [exp( q V / k T )  -  1 ]
+  \q WaNri\h n, exp(q V /2 k T ) ,  (3)

where

J.s = q (D p/ r p) u2ni (4)
when/j„0 K n ^ ^ n , .

In these equations a  and N r are the cross section and 
density of recombination centers in the space-charge region, 
yth is the thermal velocity, «, is the intrinsic carrier concen
tration, Dp and r p are the hole diffusion length and lifetime 
in n-type material, and p n0 and n^  are the hole concentra
tion on the n side and the electron concentration on tht p  side 
of the junction, respectively. Simplifying and taking 
J,,j =  JPh we obtain

7ph =  Js [exp( q V / k T )  +  K  expfaV / 2 k T ) ) ,  (5)
where K  is a constant for a given diode which determines the 
relative magnitude of the 2 k T  recombination current com
pared with the I k T ideal diode current. Since we do not 
know the parameters for the recombination centers, the val
ue of K  is adjusted to fit the experimental data. Equation (5) 
can be solved at a given light intensity to yield V versus tem
perature. Using Eq. (2) we can easily calculate W (T ) ,  which 
can then be used to calculate A t  / t d:

* t / t d =  [(f0 -  W,) -  (t0 -  Wd)]  (t0 -  Wd) - \  (6)

where the subscripts I and d  refer to the space-charge layer 
width with and without illumination.

The calculation is performed using parameters for sam
ple 1033A. Fbj is taken to be l,EG for the n-i junction consid
ered here, with26

E a =  1.519 - 5.405X 10-47’2(204 +  D 1. (7)
The value of n, is calculated from

n, =  4.9 X 10l5( m f m t ) 3/4T 3'2 exp( -  . (8)

The calculated dependence of A t / t 0 is compared with the 
experimental data in Fig. 2. This simple theory gives a good 
explanation of the temperature dependence of the space- 
charge width. The value of 16 000 for K  seems reasonable, 
being equivalent to a current of 2.6 X 10~9 Aat which the IkT  
and 2 k T  currents are equal. The physical significance of K  
could also be thought of in terms of the density of recombina
tion centers N r, which for K  =  16000 would be ~ 1 0 16cm~3 
for a  =  10~14 cm2.

We have now a simple model describing the size of a 
space-charge region under illumination versus T. This sim-
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Temperature (K)
FIG. 4. Mobility, with illumination at A =  800 nm, versus temperature for 
sample 1033A. The solid line was calculated using the model described in 
the text for the temperature dependence of scattering from space-charge 
regions during illumination.

pie model can be used to calculate/ i sc versus T under illumi
nation. The effect of light would be to reduce both the spatial 
extent and the magnitude of the conduction band fluctuation 
caused by the space-charge region. The calculation underes
timates the effect of light by considering only the change in 
size of the space-charge region. Since the scattering cross 
section would be proportional to W 2, we can calculate the 
ratio of mobilities with and without illumination from Eq.
(2):

f i l/ fi d = [ l - 2 V ( T ) / E c ( T ) ] ' .  (9)

The calculated mobility during illumination, fi,, is plotted 
versus temperature for sample 103 3A for comparison with 
the experimental data in Fig. 4. N D +  N A was taken to be 
1.15X 1017 cm'3 and the density-cross-section product, 
NSQ, as 1.08 X 105 cm"1 ( equivalent to SCA of 1.16 X 10‘5V 
s/cm2 K 1/2, the value obtained from the dark mobility). It is 
seen that the predicted temperature dependence of the 
space-charge scattering limited mobility with illumination is 
very different from the experimentally observed behavior. 
This contrasts sharply with the excellent fit to the same data, 
shown in Fig. 1, obtained by taking /j.ca to be unchanged by 
illumination. It is now very clear that the experimental data 
cannot be consistent with the idea that the T~'/2 term in mo
bility is due to space-charge scattering.

B.//ca versus acceptor concentration
Data have recently become available which make 

worthwhile a reexamination of the magnitude of the scatter
ing due to acceptors in compensated rc-type GaAs and 
Al* Ga, * As. Chandra and Eastman30 obtained low-A^ 
Al* Ga, * As by LPE growth at 700 °C, considerably lower 
than the temperatures commonly used. From a careful study 
of electron mobility versus temperature they find that the 
/j,<xT'1'2 term must be included to explain their data. They 
believe the T~u2 term may be due to alloy scattering, though
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this requires the effect to be ~  10 times larger than expected. 
Their data can also be interpreted to indicate that CA scat
tering is dominant at low x. On this basis we have used their 
data for x  < 0.1 to obtain values of ̂ iCA' T~1/2 which are plot
ted in Fig. 5 along with other data from the literature for 
undoped GaAs and Al* Ga, * As. It can be seen that SCA is 
a linear function of N A over a range of two orders of magni
tude for nonintentionally doped samples.

Low-temperature photoluminescence studies of Ashen 
et a 1.20 indicate that for undoped LPE GaAs, C is the major 
shallow acceptor. In Al* Ga, * As, grown by either LPE or 
OMVPE, Stringfellow21 has shown that C is the only shal
low acceptor observed using PL. OMVPE GaAs also con
tains only carbon.21 Thus for the data for undoped GaAs and 
Al* Ga, _ * As plotted in Fig. 5, C is the major shallow impu
rity. Therefore, we conclude that the value of S CA is linearly 
related to the carbon concentration. The reason for the very 
low values of N A and Sca observed by Chandra and East
man30 is probably due to the reduced carbon solubility at the 
lower growth temperature.31 In fact, PL measurements 
show a single weak conduction band to acceptor peak due to 
carbon, thus carbon is the only shallow acceptor present in 
this material and that its concentration is low.32

Samples of GaAs doped with acceptors other than C 
seem to behave differently. Included in Fig. 5 are data for 
Ge-doped MBE GaAs. The values of S CA are somewhat 
lower than expected based on N A. In fact, PL results indicate 
that both C and Ge are present. The C concentrations are 
approximately consistent with the observed values of SCA ,
i.e., C is in the (1-2) X 1016-cm"3 range.33 To gain additional 
data on this important point LPE GaAs specimens were 
grown doped with the donor Sn and the acceptor Ge to pro-

FIG. 5. Magnitude of the electron scattering for compensating acceptors 
SCA versus acceptor concentration for samples of GaAs and Al, Ga, „As 
with C as the major shallow acceptor (open data points) and with intention
al compensation with additional Ge or Zn (filled data points).
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duce heavily compensated n-type material with n < 1017 
cm 3. From the mobility-vs-Tdata, values ofSCA and 
N d +  N a were determined which are included in Fig. 5. We 
conclude that Ge simply does not act to increase the value of
■Sca ■

The final set of data plotted in Fig. 5 are from Bruch et 
al?4 for Sn-doped VPE GaAs specimens intentionally com
pensated during growth with Zn. Mobility data were report
ed only at ~  77 and ~  300 K, but these are sufficient to ob
tain •Sca and N a . For these samples, SCA is seen to be a 
factor of 100 lower than expected based on the behavior of 
specimens where C is the major acceptor. Again, the values 
of SCA are consistent with the C concentration which might 
be expected.

These data taken together form a clear picture. C is the 
acceptor which causes the CA scattering. Ge and Zn pro
duce a reduction in the ionized impurity mobility but have 
no effect on the value of /iCA.

The actual identity of the scattering center is not entire
ly clear. The simplest hypothesis would be that it is carbon 
substituting on the As site, CAS. However, we should also 
consider possible complexes. A complex between the accep
tor CAs and a donor could produce an isoelectronic center 
with a concentration proportional to that measured for CAs.

C. Impurity scattering
The data presented in Sec. IV B indicate that we should 

look more closely at the scattering due to ionized acceptor 
impurities. C is distinctive in comparison with other com
mon acceptors such as Ge and Zn by its size. It is much 
smaller than the As for which it substitutes in the lattice, and 
it is also much more electronegative. The large electronegati
vity is evidenced in the central-cell correction to the ioniza
tion energy. The ionization energy for C is considerably less 
than the effective mass value35 due to the fact that C is attrac
tive to electrons (large electronegativity) and repulsive to 
holes. In this sense C in GaAs is analogous to N in GaP 
where N is much more electronegative than P. In the latter a 
strong electron scattering due to this short-range (central
cell) potential has been predicted36 37 and experimentally 
observed.38

The localized central-cell potential is neglected in the 
standard ionized impurity calculations. Brooks39 suggested 
that the impurity-cell potential would tend to increase the 
magnitude of the scattering, particularly at high tempera
tures, and make it less dependent on energy. If the scattering 
cross section were totally independent of energy, the mobil
ity would, indeed, be proportional to T~>/2.

The zeroth-order approach to understanding scattering 
at an impurity which has a long-range screened Coulomb 
potential and a large short-range central-cell potential 
would be to treat the two components of the potential sepa
rately and to sum the two scattering terms. Thus we would 
combine with the Brooks-Herring mobility a term due to the 
short-range potential. Faulkner calculated the electron-scat
tering cross section for isoelectronic N in GaP to be 36 37

a ( E ) =  (477-/3) (2m* E  + 2 m * E l )~\ (10)
where the quantity E ,  is the ionization energy for the elec

tron bound to the isoelectronic center. For elastic scattering 
where the cross section is isotropic we calculate the relax
ation time

1/2

T \  3 /  m 3/ 2 E  + E ,

The Hall mobility can then be calculated as
e ( t2)

f * t ~

(11)

m* (t )
qm *v2 15

16(2it3/2) N,fi2 8 

For GaAs Eq.(12) yields

{,k T y /2 +
Er

(k T ) 1/2

n ,  = 3.4 XlO20 15
N,

{ k T ) 1'2 +
E ,

( k T ) 1 (t t )

(12)

(13)

The scattering by N in GaP is the only case for which this 
isoelectronic scattering has been experimentally observed.38 
In this case, Eq.(13), using the experimental value of E ,  (8 
meV) gives good agreement with the experimental data. The 
calculated values of E,  are much larger than 8 meV, presum
ably because the lattice relaxation around the N, which is not 
included in the calculations, acts to strongly reduce E , . The 
value appropriate for the central-cell part of the C potential 
is not clear. Complicating the situation is the fact that the 
scattering might be due to a genuine isoelectronic center 
formed by a nearest-neighbor complex between a donor and 
a carbon acceptor. This complex would be electrically neu-

FIG. 6. Illustration of the effect of scattering by the short-range potential of 
the acceptor C in GaAs. Calculated curves are for the Brooks-Herring treat
ment of Coulombic scattering with (A'„ +  NA )/(A’„ — N t ) =  3 (broken 
curves) and a combination of this with the scattering from the central-cell 
potential as described in the text (solid curves). The mobility limited by 
optical phonon scattering in GaAs is also included.
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tral and would have a concentration proportional to the con
centration of isolated carbon acceptors. To explain the ex
perimental data, E, would have to exceed k T  at room 
temperature, i.e., ~25 meV. This would make the second 
term in Eq.(13) dominant and would give/x; <x T~'/2. The 
magnitude offi, from Eq. (13) would also be approximately 
correct to explain the experimental results. As discussed 
above, we do not know how large E ,  might be, but any value 
in the range of < 1000 meV is possible, depending on the 
degree of lattice relaxation around the point defect. The sug
gestion that Hi ^  T~'/2 is qualitatively reasonable in light of 
the earlier discussion. The scattering due to a central-cell 
potential might be thought of as a type of alloy scattering, 
which also gives p<xT~l/2 for scattering from fluctuations in 
the local potential. In the present case the scattering is strong 
because of the large difference in electronegativity between 
C and As.

To summarize, it appears that the CA mobility, which 
is proportional to T~l/2, is related to the acceptor C. C is the 
dominant compensating acceptor in GaAs grown by MBE, 
OMVPE, and LPE and is also found to be the dominant 
acceptor in nominally undoped Al* Ga, _ * As. The carbon is 
thought to produce the T~u2 mobility term because of elec
tron scattering from its short-range central-cell potential. 
This type of electron scattering should be quite effective, 
particularly for high-energy electrons and would not be af
fected by illumination. Thus the mobility limited by ionized 
C acceptors would be quite complex, namely, p. increasing 
with increasing T at low temperature and being proportional 
to T - ,/2 at high temperatures. For example, in Fig. 6 we plot 
the calculated mobility-vs- T  behavior for a combination of 
the Brooks-Herring expression for the Coulombic term 
[with (N d +  N a) / (N d - N a) =  3] and^,  from Eq.(13) 
(with 7s, =  100 meV) for the scattering from the short-range 
potential. All of the compensating acceptors are considered 
to be carbon, with concentrations of 1014,10I5,and 10l6cni ' 
for the three curves plotted. (« =  N A for a compensation 
ratio of 3.)

For high-purity GaAs (n< 1014 cm J), the effect of the 
short-range potential would not be observed experimentally 
because the scattering by optical phonons dominates the mo
bility at high temperatures. However, the effects of the cen
tral-cell scattering become visible at 1015 cm'3, especially for 
5 0 < T <  150 K. At 1016 cm'3 and above, the central-cell scat
tering is important over the entire temperature range.

V. CONCLUSIONS
The temperature dependence of electron mobility in 

GaAs and Al* Ga, _ * As shows the emergence of a term 
with/i proportional to T~'n in compensated material. This 
mobility, designated p CA, is found to be proportional to 
N  a 1 in nominally undoped samples, where C is the major 
shallow impurity. Intentional compensation with Ge or Zn 
is found to have no effect on /xC A . The effect of illumination 
( h v > E a ) was found to increase the mobility due to ionized 
impurity scattering, but to have no effect on p CA. Such illu
mination destroys space-charge regions as evidenced by the 
collapse of the space-charge layer at the n-epilayer/semi-
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insulating substrate interface with illumination which was 
clearly observed from Hall effect measurements.Thus, the 
mobility /xCA cannot be due to scattering from space-charge 
regions distributed throughout the semiconductor, as was 
previously thought.

The acceptor C, or an associate involving C, is conclud
ed to be the scattering center giving rise to p CA. The effect is 
thought to be due to the short-range central-cell potential 
due to the large electronegativity of C relative to the As 
which it replaces. Earlier calculations of Faulkner for isoe
lectronic impurities indicate that such a central-cell poten
tial could produce an electron scatttering of the correct mag
nitude and temperature dependence.
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Note added in proof. The effect of the central-cell poten
tial scattering due to C in GaAs has recently been confirmed 
by a Boltzmann equation calculation with E, =  95 meV. (D. 
Chattopadhyzy, submitted to Phys. Rev. Lett.).
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