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Electrical properties of nearly stoichiometric GaAs grown by molecular
beam epitaxy at low temperature

S. Fukushima, T. Obata, and N. Otsuka?®
School of Materials Science, Japan Advanced Institute of Science and Technology, Asahidai 1-1,
Tatsunokuchi, Nomigun, Ishikawa 923-1292, Japan

(Received 5 June 2000; accepted for publication 9 October)2000

Nearly stoichiometeric GaAs epilayers doped with Si or Be were grown by molecular beam epitaxy
at a low temperature with closely controlled fluxes near the stoichiometric conditions. Excess As
point defects in the epilayers which acted as trap sites of free carriers were studied by means of the
Hall effect measurements. Under the same As/Ga flux condition, concentrations of excess As point
defects which trap free carriers increase with increase of concentrations of Si or Be. With the same
concentration of the dopants, on the other hand, concentrations of excess As point defects increase
linearly with the As/Ga flux ratio. The dependence of carrier mobility on the trapped carrier
concentrations indicates that free carriers are trapped by neutral point defects and change them into
ionized ones. In the epilayers which are very close to the stoichiometric composition, Si exhibits its
amphoteric nature, occupying both donor and acceptor sites and results in the self-compensation.
© 2001 American Institute of Physic§DOI: 10.1063/1.1330765

I. INTRODUCTION that of Ag;,. A recent study has shown that the concentra-
tion of singularly ionized Ag, is three times the concentra-
GaAs epilayers grown at low temperatur@sST-GaAs)  tion of Vg, in undoped LT-GaAs, implying that these point
exhibit a number of novel properties such as high electricaljefects compensate each other.
resistivity and ultra-fast response to photoexcitafiéihese Relaxation processes of photoexcited carriers in LT-
properties result from high concentrations of excess As in thgsgas have been studied by means of the pump-probe
epilayers. Among these properties, ultra-fast response tgethod'®-2?> According to these studies, photoexcited carri-
photoeXCitation, that iS, ultra-short lifetime of phOtOEXCited ers are first trapped by excess As point defects in SpriCO'
carriers, is attracting a great deal of attention. In recent yearseconds and recombine in relatively long times in as-grown
LT-GaAs has been extensively studied, aimed at applicationsT-GaAs. It is suggested that photoexcited electrons are
to optoelectronic devices such as THz electromagnetic pulsgapped by positively ionized Ag and holes are trapped by
generators® and also all-optical switch€s® which will  negatively ionized \,. In annealed LT-GaAs, on the other
have a large impact on the future optoelectronic technologyhand, metallic clusters of excess As act as recombination
Studies on excess As point defects in LT-GaAs havecenters of photoexcited carriels.
been carried out so far mainly by means of spectroscopic |n order to have improvement of the properties of LT-
techniques and theoretical calculations. The main excess ASaAs as THz electromagnetic pulse generators and to realize
point defects are antisite As, As and their concentrations all-optical switches based on LT-GaAs, it is necessary to
have been measured by means of the near infrared absorptifave further understanding of excess As point defects, which
spectroscopy:'® Because of the linear correlation betweenwill enable one to develop new methods for control of their
the concentration of Ag, and lattice expansion of LT-GaAs concentrations and spatial distribution. In the study reported
epilayers, almost all excess As are considered to kg AS  in this article, we have investigated excess As point defects
According to the theoretical study Asg, is known to actas by utilizing a method different from those employed up to
a double donor. Nearly one order of magnitude smaller conthe present for the studies of LT-GaAs. Nearly stoichio-
centrations of Ag, were found to be singularly ionized in metric LT-GaAs epilayers were grown with donor or accep-
undoped LT-GaAs by means of the electron spin resonancer dopants, and the dependence of their electrical properties
spectroscopy” In addition to Ag,, the slow positron anni-  on the concentration of excess As point defects were studied
hilation has shown the existence of Ga vacancies,,\In by Hall effect measurements. From this study, new insights
this material:® The theoretical study indicates thagyis a  of excess As point defects which trap charge carriers have
triple acceptor Besides these point defects, existence ofbeen obtained. The results also clarify new fundamental as-
defect complexes and interstitial As atoms has beempects of low temperature molecular beam epitdMBE)
suggested>*° but their existence has not been experimengrowth of compound semiconductors.
tally confirmed without ambiguity. Even if they are present,  In earlier studies, O'Hagast al, have showed that the
their concentrations are considered to be much smaller thagoncentration of excess As in LT-GaAs can be considerably
reduced by lowering the As flux with respect the Ga flux and
3Author to whom correspondence should be addressed; electronic maifl€ conduction by free carriers was observed in the doped
ootsuka@jaist.ac.jp epilayers grown under such flux conditiofidn recent stud-
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ies, Suda and Otsuka have investigated the dependence of ' ' T
the concentration of excess As on the As/Ga flux ratio for
different growth temperatures and made the following two
findings?’-?8 The first finding is that one can obtain stoichio-
metric LT-GaAs epilayers regardless of the growth tempera-
ture under the flux condition where the As/Ga flux ratio cor-
responds to the number ratio of Asiolecules and Ga atoms

in the dissociation reaction proposed by Foxon and J6Yce.
The other is that the dependence of the concentration of ex-
cess As on the As/Ga flux ratio at a fixed growth temperature
is described in terms of the Langmuir adsorption isotherm
and, hence, the concentration can be closely controlled by
the flux condition. In the present study, based on these re-
gult;, the cpr?cgntratlon of excess A§ was syst_e.mat|cally var- o 33:20 3350 33i 40
ied in the vicinity of the stoichiometric composition, and the Rocking angle (deg.)
concentration and mobility of free carriers were measured as

a function of the concentration of excess As. FIG. 1. X-ray diffraction rocking curves of 400 reflections taken from two
points of a LT-GaAs epilayer. Two points are apart from each other by 6
mm in the direction of the change of the flux ratio with the ¢aebeing on

Il. EXPERIMENT the higher flux ratio side and the othgm) on the lower flux side.

A. MBE growth

Intensity (a.u)

LT-GaAs epilayers were grown by utilizing a conven- ) . )
tional molecular beam epitaxyMBE) system. The back- Si was doped as a donor dopant with concentrations of either

8 8 A3
ground pressure of the growth chamber was less than %-98% 10'° or 3.40¢ 10 em™?, and Be was doped s an
X 1071 Torr, and semi-insulating epi-read$00GaAs wa- acceptor dopant with concentrations of either %448 or

8 —3 H
fers were used as substrates. For each growth experiment 94 10'® cm~?. The concentrations of the dopants were

substrate which was cut into a size of X485 mn? was calibrated by measuring carrier concentrations in doped
mounted on a Mo holder with indium. After desorption of a G2AS epilayers grown at 580 °C where nearly all dopants
oxide layer of the substrate surface, the surface was anneal8fCVide free carriers at room temperature.

with the As flux for 10 min at 600°C, followed by the In all growth experiments, the substrate holder was not
growth of a GaAs buffer layer of a thickness of 150 nm atfotated during the growth, and substrates were positioned in

580 °C. After the growth of the buffer layer, the temperatureSUch @ way that a slight change in the flux ratio was inten-
of the sample was lowered to 270 °C at which all LT-GaAst'O_”a”y introduced along the I(_)nger edge of a substrate. In
epilayers were grown in this study. this way a number of data points of _the dependence of the
The temperature of the sample surface was measured Iectrical property on the concentration of excess As were
using a quartz rod connected to a pyrometer before and aft@Ptainéd from one sample. Figure 1 are x-ray 400 rocking
the growth of each LT-GaAs epilayer. Details of the methodCUrves measured from two pointg) and (b) of a low Be-
of this temperature measurement was described in an earigPPed epilayer which was grown with a Ga flux, 5.2
report?’ The reason for the choice of 270°C as the growth<10 " Torr, and As flux, 8. 10" Torr. The two points
temperature of LT-GaAs epilayers is that the dependence J¥€re apart from each other by 6 mm along the longer edge.
the concentration of excess As on the As/Ga flux ratio at thi§ T0M these rocking curves, the changes of lattice spacings of

temperature is given as the simplest form of the Langmuil-1-GaAs epilayerssd/d, were determined, and then corre-
adsorption isotherm: sponding flux ratios at two points were estimated by using

the equation derived by Suda and Otsdka,

JRIWARCE] ( 5d)
Jnsllea L O/,

Jas/Jga— 1
As = ———— [As]can, 1 od
[ X] JAs/\]Ga [ x]Sﬁt ( ) (F (2)

where[As®] and[As™] ¢, are the concentration of excess As
for the As fluxJ,s and Ga fluxJg, and the saturated con- where (9d/d)g, is the saturation value at 270°C, being
centration of excess As at the growth temperature 270 °Q).705< 10 3. The flux ratios derived from the two pointa)
respectively?® In order to obtain a stable As flux during the and(b) are 1.644 and 1.520, respectively, which gives rise to
growth, the As effusion cell was maintained at a given tem-a gradient of the flux ratio along the sample surface of
perature upd 2 h prior to the growth. All LT-GaAs epilayers 0.0206/mm with the assumption of a linear change of the
were grown for 40 min, and the Ga flux was maintained at &lux ratio. From the epilayer which was grown with a higher
constant ion gauge reading, (%2.1)x10 7 Torr, which  As flux, a similar value of the change of the flux ratio was
gives rise to a thickness of the epilayers, 600 nm. The A®btained. The change of the flux ratio over the epilayer sur-
flux was varied for LT-GaAs epilayer grown in this study in face seems to have resulted mainly from a nonuniformity of
the range of ion gauge readings betweenx<ald © and 1.1  the As flux because the thickness of the epilayer was nearly
X 107° Torr. The readings of As fluxes after the growth did constant over the epilayer according to the fringe spacings in
not change from those before the growth by more than 2%the x-ray rocking curves.
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For epilayers which are closer to the stoichiometric com-
position, 6§d/d cannot be accurately measured from x-ray
rocking curves, and, hence, a flux ratio at each point of the
epilayers was estimated in the following method. The ion
gauge reading is considered to represent the average As flux
over the epilayer surface, and, therefore, it is considered to
correspond to the As flux at the center of the surface. By
comparing an ion gauge reading of an epilayer with the ion
gauge reading of the reference epilayer whose x-ray rocking
curves are shown in Fig. 1, the flux ratio at the center of the
former epilayer was determined. Next, flux ratios at other
points of the epilayer surface were estimated by using the 1 ' 12 14 16 13
above-mentioned gradient of the flux ratio, that is, 0.0206/ @) A WA
mm. For the epilayers grown in this study, the flux ratio As Ga
Jas!Jgaranges from 0.92 to 1.70. In the case that a flux ratio 2000 L T T ;
becomes less than 1.0, the surface always appear nonmirror-
like, indicating that the above-mentioned method for assign-
ing the flux ratio to a given point of an epilayer surface is a
reasonable one. In order to examine the accuracy of the
above-mentioned method of determination of a flux ratio at = 1000[
each point of an epilayer surface, two epilayers were grown . i -
by rotating the substrate holder during the growth. The ion
gauge readings of As fluxes of the two epilayers were 5.9
x10°® and 7.6<10°® Torr, corresponding to flux ratios
0.967 and 1.338, respectively. The x-ray rocking curves ob- 0 L L
tained from these rotated epilayers closely match those ob- 1 12 14 16 18
tained from two points of the unrotated epilayer whose flux LAl
ratios are considered to be the same as the above two values AsGa
according to the assumption of the linear change of the As
flux along the epilayer surface. The surface of the rotated
epilayer grown with the flux ratio 0.967 was also found to be
nonmirrorlike as in the case of unrotated epilayers.
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B. Hall effect measurement

All epilayers grown in the study were examined by the
Hall effect measurements with the van der Pouw method.
The samples for the measurements were made in the follow-
ing way. From all epilayers, a set of three square pieces with
a size of 55 mn? were cut in the direction of the increase
of the flux ratio. For the epilayers which are very close to the ——
stoichiometric composition, a set of smaller pieces with a 1 12 14 1.6 L8
size of 2<2 mn? were obtained from the region of the non- I .
mirrorlike surface to that of the mirrorlike surface. Indium _
contacts were made at comers of each piece, and the piefiF., Ke%le oL e ressurenens s samies e o S orec
was annealed at 270°C from 10 to 30 min in a NItrogen;rrier concentrationgp) mobility, and(c) trapped carrier concentrations.
atmosphere in order to obtain ohmic contacts. The Hall ef-
fect measurements were made at room temperature.

Figures Za)—2(c) are the results of Si-doped epilayers. pendence of the mobility on the flux ratio. For both doping
Figure Z2a) shows the dependence of the charge carrier coneonditions, the mobility increases with the decrease of the
centration on the flux ratio. For both high doping and lowflux ratio except for the range from nearly 1.0 to the lower
doping, the carrier concentration monotonously increases astio. By comparing this dependence with that of Fi¢g)2
the flux ratio decreases towards 1.0. The carrier concentrane can find that the mobility increases with the increase of
tion, however, reaches maxima around the flux ratio 1.04 anthe carrier concentration in the present case.
sharply decreases at lower flux ratios. This sharp decrease of Figure Zc) shows the trapped carrier concentration as a
the carrier concentration starts at the location where the sufunction of the flux ratio. The trapped carrier concentration is
face is still mirrorlike. The conduction type in this low car- derived by subtracting the free carrier concentration from the
rier concentration region is the type, unlike other regions dopant concentration. For both high doping and low doping,
which exhibit then type conduction. Figure(B) is the de- the figure shows a nearly linear increase of the trapped car-

Trapped Carrier Concentration

—_
o
~
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increase of the carrier concentration, the linear increase of

o

! 1 019 T T & T T . . . .

g 1018 :_A HEECREC R XN s Low doping the_ trapped carrier concentr_anon W|th the increase of the_flux
= . * High doping ratio from the unity flux ratio, and different trapped carrier
2 1017y E concentrations at a given flux ratio for high doping and low
g0 . 1 doping. There is, however, one difference from the case of
g 105 | . . the Si-doped epilayers. In this case the carrier concentration
§ 104 L a ] remains high even for the flux ratio below 1.0, and the con-
O 1013L ¢ ] duction type remains as the type throughout this range
3 102 [ . ° ] including the region where the surface is nonmirrorlike.
5 101 ' ‘ s ‘ There is another interesting point for the Be-doped epilayers.
O 0.9 1 1.1 1.2 1.3 In the higher flux ratio range where the trapped carrier con-

centrations saturate, the conduction type has changed into the

®
(-
Z
—
@
n

n type, and the carrier concentration gradually increases with
: . , S — the increase of the flux ratio, especially in the case of high
. 400 { [, Low doping . doping.
© * High doping .
£ 300} ) ]
g Ill. DISCUSSION
& 200 ’ As mentioned in the Introduction, among a number of
B | * excess As point defects, existence otAand Vg, have been
§ 100F. | s aae,, s 1 experimentally confirmed to date without ambiguity. In this
r article, therefore, the results of the study are discussed by
0.9 1 11 12 1.3 referring to these two types of point defects. Antisite As,
(b) TadTGa Asga, IS known to act as a deep donor, and,\as a deep

acceptor. Hence, the former is expected to trap a hole pro-
vided by Be, and the latter is expected to trap an electron

§ 10 : : :

g et * given by Si. The results presented in the previous section are
% 8 I . . reasonably explained with this picture. It has been shown
Sao I that the majority of excess As point defects are considered to
S § 6 [ . s & A ] be Ass,, While the concentration of ¥, on the other hand,
5% is known to be one order of magnitude smaller than that of
E S 4T . 1 Asg,.}” As seen in Figs. @) and 3c), trapped carrier con-

O X > | te s Low doping | | centrations in the Be-doped epilayers are nearly one order of
B so s * High doping magnitude greater than those in the Si-doped epilayers, indi-
(=5 a a A

a o0 ' . . cating that holes are trapped by Asand electrons by ¥,.

= 0.9 ! 11 1.2 1.3 The correlation of the mobility with the carrier concen-
) Ias1Ga tration is also explained with this picture. The mobility of

charge carriers in both Si-doped epilayers and Be-doped epi-
FIG. 3. Resglts of Hal! effect measurements (?f samples cut_from Be-dopethyers decrease with increasing trapped carrier concentra-
LT-GaAs epilayers which were grown under different flux rati@:charge 5 in the region where free carriers are present. This im-
carrier concentrationgb) mobility, and(c) trapped carrier concentrations. . . . L. .

plies that trapping of charge carriers results in ionizations of

point defects and, hence, leads to larger scattering of charge
rier concentration from the stoichiometric value to 1.6, be-carriers. Therefore, one can interpret the present results in
yond which the concentration remains nearly constant at theuch a way that holes are trapped by neutral Asesulting
values of the dopant concentrations. Besides the linear irin positively ionized point defects, and electrons are trapped
crease of the trapped carrier concentration, the figure showsy neutral \,, resulting in negatively ionized point defects.
another important point. In the range where the concentratiohere is another result which fits well to this picture. In the
linearly increases, values of trapped carrier concentrations @e-doped epilayers, the conduction type becomesttype
high doping and low doping are significantly different from in the flux range where the trapped carrier concentration
each other at the same flux ratio; the trapped carrier concersaturates, all free carriers being trapped, and charge carrier
tration of high doping is much greater than that of low dop-concentrations increase with the further increase of the As
ing at a given flux ratio. flux. In this range, nearly all As, are positively ionized with

Figures 3a)—3(c) are the results of Be-doped epilayers. a few remaining as neutral As. Electrons of neutral As,,

The carrier concentration, mobility and trapped carrier conhence, can move to ionized As resulting in the hopping
centration exhibit similar trends to those of Si-doped epilay-conduction of electrons. With further increase of the As flux,
ers in the region of the flux ratio less than 1.1 where carriethe concentration of neutral Agincreases and results in the
concentrations are on the order of'4@m 3. These trends increase of the concentration of hopping electrons.
are monotonous increase of the carrier concentration towards The linear increase of trapped carrier concentrations
the unity flux ratio, the increase of the mobility with the with the increase of the flux ratio from unity in both Si-
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doped and Be-doped epilayers is explained in terms of théace of GaAs serve as a precursor of excess As atoms. Ar-
Langmuir adsorption model proposed by Suda and Ot&lika.rival of a high concentration of dopant atoms on such a sur-
According to Eq(1), the concentration of excess As linearly face is likely to disturb chemisorbed As atom layers and,
increases with the increase of the flux ratio from unity in thehence, reduce the incorporation of excess As. In fact, the
vicinity of the stoichiometric flux condition. The present re- supply of Si atoms on the(4x 4) surface of GaAs is found
sults indicate that concentrations of bothAsand Vg,  to replace chemisorbed As atoms in scanning tunneling mi-
change with the flux ratio according to this Langmuir adsorp-croscope(STM) studies’® which supports the above expla-
tion model. The results also indicate that concentrations ofation.
these excess As point defects approach to approximately zero - Another new finding made in this study is the sharp re-
as the flux ratio moves to unity, except for a sudden increasguction of the free carrier concentration of Si-doped epilay-
around the stoichiometric flux condition in the case of Si-ers in the neighborhood of the stoichiometric flux condition.
doped epilayers. Because of the intentional change of thas stated earlier, this reduction has started in the region
flux ratio over an epilayer surface and a slight change of thgyhere the flux ratio was slightly higher than unity and the
As flux during the growth of a LT-GaAs epilayer, we did not epijlayer surface still has remained mirrorlike. In the region
obtain a LT-GaAs epilayer where no significant concentrayhere the flux ratio is less than unity, the surface is nonmir-
tion of trapped carriers exists and, hence, a free carrier Colyyylike and a high density of defects was observed by cross-
centration is exactly equal to the dopant concentration. Thgectional transmission electron microscofyEM).32 In
present results, however, suggest that one could obtain a L zese defective regions, a significant concentration of charge
GaAs epilayer close to such a condition if the fluxes werg.5riers may be trapped by the defects, but the sharp reduc-
carefully controlled for the growth. _ tion of the free carrier concentration in the mirrorlike surface
Figures 2c) and 3c) show that trapped carrier concen- reqion cannot be explained in this manner. Under a nearly
trations have increased with the increase of dopant conceRygichiometric flux condition at a low temperature, the
trations for a given flux ratio. This means that morg,¥re  4.\ih surface is expected to have both As atom exposed
incorporated with a higher Si concentration and MOrgAS 54 Ga atom exposed regions. It is, therefore, expected that

\é)vith a Eigher dBe conclz_entrati(;).n. S?Ch azstendencr)]{ hhas gev%e amphoteric dopant Si may be incorporated in both donor
een observed in earlier studies of LT-GaAs. A higher OPand acceptor sites, which results in self-compensation, tend-

ant concentrgtlon 'S obtamgd W'th. a hlghgr effuspn cell tem'ing to keep the Fermi level at the midgap. As a support for
perature, which will result in a slightly higher epilayer sur-

[his explanation, Si is known to be incorporated as an accep-

face temperature during the growth due to the therma] . . :
irradiation. The above-mentioned tendency of the incorpora—Or in the liquid phase epitaxilPE) where the growth of a

. . ; . aAs crystal is carried out in a Ga-rich atmosph&rin a
tion of excess As point defects is opposite to that expected .. .

. reliminary study by photoluminescence measurements of
from this thermal effect. A more reasonable cause of th

hese Si-doped epilayers, we also found peaks corresponding

present reSl_JIts is the_ tendency of red_ucmg free carrier cor{—8 Si donors and Si acceptors. At the normal growth tempera-

centrations in a semiconductor material, since the presence " LVIBE the arowth surface is maintained as an As

of a high concentration of free carriers implies that the elec-_ -~ ' gr ) . : L :
tabilized one even if the resulting epilayer is stoichiometric.

tronic system of a semiconductor is in a higher energy stat Si tends to be | ted predominantl d
than that of an intrinsic semiconductor. In other words, an ence, St tends 1o be incorporated predominantly as a donor.

electronic system of a semiconductor has an intrinsic ten] "€ Present result, therefore, suggests that the incorporation

dency to try to keep the Fermi level at the midgap. When é)f Sias a do_no_r in the MBE growth does not necessary result
higher concentration of Si is doped, morgy which are from an intrinsic nature O_f MBE.

deep acceptors, are incorporated for a given flux condition, " summary, the main results of the present study are
Similarly, more Ag,, which are deep donors, are incorpo- described in the following. o , ,

rated when a higher concentration of Be is doped. Itis inter- (1) Under the same flux condition, the incorporation of
esting to note that such an intrinsic tendency of the electroni€oner dopant Si or acceptor dopant Be leads to the increase
system of a semiconductor occurs even in the case of the loff & concentration of excess As point defects which act as

temperature growth of MBE where only surface atoms aré€harge carrier trap sites. This result is ascribed to the pres-
movable via surface migration and desorption. ence of free carriers in nearly stoichiometric epilayers and to

In earlier studies? it was found that incorporation of a the intrinsic tendency of the electronic system of a semicon-
high concentration of dopants leads to significant reductiofiuctor to maintain the Fermi level close to the midgap.
of the concentration of excess As even under the high As (2) For a constant dopant concentration, the trapped car-
flux condition. The doping concentrations employed in thesdier concentration linearly increases with the flux ratio from
studies were on the order of ¥0cm~2, which are much the stoichiometric condition. This linear change is expected
higher than those employed in the present study. This effedfom the Langmuir adsorption model for incorporation of
of the dopant on the incorporation of excess As is opposite texcess As in LT-GaAs.
the present case. We believe that the reduction of the con- (3) Conduction electrons and holes which are supplied
centration of excess As by the high concentration of dopantby doped impurities are trapped by neutrai\and Ass,,
is explained in the following way. According to the Lang- respectively, and change them into ionized point defects.
muir adsorption model for incorporation of excess As inThese processes are indicated by the dependence of mobility
LT-GaAs?® chemisorbed As atoms on the As terminated sur-on free carrier concentrations.
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