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Hopping conduction in GaAs layers grown by molecular-beam epitaxy at low temperatures
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(Received 21 September 2001; published 4 April 2002

The electrical conductivity of GaAs layers grown by molecular-beam epitaxy at low temperatures was
studied by using the van der Pauw method. The electrical conductivity of thick GaAs layers grown at tem-
peratures above 200 °C changes with the concentration of antisite As atoms following the nearest-neighbor
hopping model. From the dependence of the conductivity on the average spacing of antisite As atoms, the Bohr
radius of the donor wave function in the hydrogen like model was estimated to be between 2.8 and 4.0 A. The
activation energy for hopping conduction changes inversely with the average distance of antisite As atoms.
Enhanced incorporation of excess As occurs in the growth of ultrathin GaAs layers at low temperatures. The
electrical resistivity of the ultrathin layers is reduced to near) ém at room temperature by the enhanced
incorporation. The activation energy for hopping conduction in the ultrathin layers is significantly lower than
that expected from the inversely proportional relation with the average spacing of antisite As atoms.
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I. INTRODUCTION levels to conduction or valence bands at higher temperatures.
In the case of LT-GaAs, on the other hand, the hopping con-

A GaAs layer grown by molecular-beam epitaxy at a lowduction among antisite As atoms dominates even at room
temperaturgLT GaAs) contains a high concentration of ex- temperature due to the deep level of antisite As states. A
cess As as a form of point defe¢tShe majority of excess Mmetal-insulator transition, hence, may occur at room tem-
As point defects are antisite As atofghile a lower con- ~ Perature in LT-GaAs, if the excess As concentration can sig-
centration of Ga vacancies were also found to exighe  hificantly be increased from the concentration reported to
presence of other point defects such as interstitial As atomdate. In the present paper, we report results of a study that
and defect complexes has been suggested, but their concéis been carried out in order to examine the possibility of
trationS, to our best know'edge, have not been experimerf.eahzauon of a metal'w!sulator transition |.n LT'GaAS The
tally determined to date. Antisite As atoms are known agesults presented here include the analysis of hopping con-
deep donors, and their level is located around 0.75 eV belowuction in thick LT-GaAs layers on the basis of the nearest-
the conduction-band eddeGa vacancies are known as deepnN€ighbor hopping model and electrical conductivity of ultra-
triple acceptoré. From the correlation of concentrations of thin LT-GaAs layers in which enhanced incorporation of
excess As point defectsa portion of antisite As atoms were €XCeSs As occur.
found to be compensated by Ga vacancies and become sin-
gularly ionized atoms in undoped LT-GaAs layers, while all
Ga vacancies are considered to be triply ionized.

An as-grown LT-GaAs layer exhibits relatively high elec-  LT-GaAs layers were grown by utilizing a conventional
trical conductivity at room temperature but gains extremelymolecular-beam epitaxy system. Semi-insulating epiready
high resistivity by postgrowth annealing. The electrical con-(100GaAs wafers were used as substrates and mounted on
duction in LT-GaAs has been investigated by a number ofin Mo holder with indium. After desorption of an oxide layer
earlier studie$;>®~*?among which Looket al. have exten- of the substrate surface, the surface was annealed with the As
sively studied the conduction process in as-grown LT G&As.flux for 10 min at 600 °C, followed by the growth of a GaAs
According to their study, the hopping conduction occursbuffer layer of a thickness of 1500 A at 580 °C. After the
among antisite As atoms and dominates the electrical corgrowth of the buffer layer, the temperature of the sample was
duction at room temperature, while at a higher measuremerowered to the point at which the low-temperature growth
temperature the band conduction becomes significant due twas carried out. The method of substrate-temperature mea-
thermal excitation of electrons from the antisite As states tsurement was described in an earlier repoithe growth
the conduction banf. rate of all LT-GaAs layers reported here is Quén/h, and

In the 1950s and 1960s, numerous studies were carrieitheir substrates were rotated during the growth in order to
out on impurity conduction in doped semiconductbrdt maintain uniform flux conditions over the growth planes.
was shown that with an increase in impurity concentratiorThick LT-GaAs layers were grown to a thickness of 6400 A
the electrical conduction changes from hopping to metalliacunder various flux conditions. Ultrathin LT-GaAs layers con-
conduction, resulting in sharp changes in the electrical containing excess As were grown by utilizing one Ga cell and
ductivity and other physical properties such as the dielectritwo As cells. The ultrathin layers containing excess As with
constant. Such metal-insulator transitions, however, can ba thickness of 12.5 A were periodically incorporated into
observed only at temperatures far below room temperaturstoichiometric LT-GaAs layers at an interval of 100 A by
due to thermal excitation of carriers from shallow-impurity changing the As flux intensity during the growth. More de-

IIl. EXPERIMENT
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107" conductivity of these LT-GaAs layers does not depend on
their growth temperatures, which range between 200 °C and
270°C, but directly depends on the concentration of excess
As atoms; LT-GaAs layers grown at different temperatures
but containing almost identical concentrations of antisite As
. atoms have nearly equal resistivity.

Figure 1 shows a nearly linear relation of logarithm of the
conductivity with the average spacing of antisite As atoms,
which is expected from the nearest-neighbor hopping model.
The conductivity in the nearest-neighbor hopping mbtisl
given by

(1/Qcm)
.

g

1/3
107 . o=Ce" ylaNp efs/kT, (1)

19 2.1 23 25 where C and y are constantsa is the Bohr radius of the
1/Np' (107em) donor wave function in the hydrogenlike modaly, is the
donor concentration, angis the activation energy for elec-
FIG. 1. Conductivity of thick LT-GaAs layers at room tempera- tron hopping. According to Ed1), the Bohr radius can be
ture as a function of the average spacing of antisite As atoms.  estimated from the slope of the linear change of the loga-
rithm of ¢. With the value 1.8 for the constamt which was
tails of the growth procedure of ultrathin layers were de-syggested by Shklovskif,the Bohr radius 2.8 A is derived
scribed in an earlier repotf.X-ray-diffraction patterns of the ~ from all the data points in Fig. 1. Close inspection of Fig. 1
LT-GaAs layers were obtained by using an x-ray diffracto-shows that the slope slightly changes from the range of the
meter with a four-crystal monochrometer and Ku radia-  higher conductivity to the range of the lower conductivity.
tion. Cross-sectional images of the LT-GaAs layers were obgoyr data points in the higher-conductivity range are aligned
served with a 300-kV transmission electron microscopeslong a nearly straight line, while those in the lower-
(TEM). conductivity range deviate from it to a certain extent, which
A square 55 mm sample was cut for the van der Pauwmay be attributed to difficulty in making good ohmic contact
measurement, and an In contact was made at each corner. frthese low-conductivity samples. The Bohr radius esti-
the LT-GaAs layers grown at temperatures above 200 °C thghated from four high-conductivity data points is 4.0 A.
samples were annealed at 300 °C in a nitrogen atmosphere in Wwith the radii derived above, the critical donor concentra-

order to obtain good ohmic contacts. It was found that thajon N, for the metal-insulator transition can be estimated by
resistivity of the sample increased when the sample was anysing the relation

nealed at a temperature higher than 300 °C, which may be

attributed to rearrangements of excess As point defects due N2a~0.27. 2)
to the annealing. For the LT-GaAs layers grown at tempera- o )

tures below 200 °C, no annealing was done, but good ohmid his relation is applicable to uncompensated matetialg.

contacts were obtained in these samples. the case of undoped LT-GaAs, a small portion of antisite As,
less than 10%, is known to be positively ionizebiut to our
Il RESULTS AND DISCUSSION best knowledge the role of these ionized antisite As in the

hopping conduction has not been clarified at present. Critical

Resistivity measurements were made with LT-GaAs lay-concentrations derived from the radii of the donor wave
ers remaining on substrates whose thicknesses were 0.6 mfanction, 2.8 and 4.0 A with Eq(3) are 6.5<10?° and 2.5
The contribution of the electrical conduction through thex 10°° cm™2, respectively. These values are higher than but
substrate to the measured resistivity of LT-GaAs layers isin the same order with the maximum concentration of anti-
however, negligible because of very high resistivity of thesite As atoms in a thick LT-GaAs layer, X20?° cm 3,
substrate, which is on the order of ’1Q cm at room tem-  which has already been reported.
perature. The sheet resistance ofa%mm substrate sample Temperature dependence of the resistivity of selected LT-
with a 1500 A thick buffer layer on it is 8:010" () at room  GaAs layers is shown in Fig.(& in which the upper three
temperature, while sheet resistance of all LT-GaAs samplelines were obtained from thick LT-GaAs layers. The lower
including ultrathin LT-GaAs samples are lower than 1.5three lines are the resistivity of ultrathin LT-GaAs layers,
X 10f Q at room temperature. No correction, therefore, waswhich will be explained later. The linear relation ofdrwith
made for the contribution of the substrate and buffer layers td/T, which is expected from Eq1), is seen for all samples
the measured resistivity. in Fig. 2a). In the lower-temperature range, ther¥# de-

Figure 1 shows the conductivity of 6400-A thick LT-GaAs pendence of the variable range hopping model may be ob-
layers at room temperature as a function of the average spaserved as reported in an earlier study of the electrical con-
ing of antisite As atoms. Concentrations of antisite As atomsluctivity of LT-GaAs®
of LT-GaAs layers were derived by using the relation to the In Fig. 2b), activation energies derived from the tempera-
change of lattice spacings of LT-GaAs layérshich were  ture dependence of the resistivity of the three thick LT-GaAs
estimated with the x-ray-diffraction patterns. The measuredayers are plotted as a function of the reciprocal of the aver-
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ing. Such an inversely proportional relation has been pre-
° dicted by earlier theoretical studies on the impurity

00° conduction of doped semiconductdfsThe relation derived

by Miller and Abraham¥ is given by

10°

z
10 A e e =(€2ldme) (4mNp/3) Y3 (1— 1.3 2, 3)

where € is the dielectric constant an is the degree of
" compensation. With the value fét being smaller than 01,
- the activation energy can be roughly estimated by using Eq.
(3) and can be compared with measured energies. In Fig.
2(h), the activation energy calculated with E8) by assum-
ing thatK=0 is shown by a broken line. Calculated values
A are smaller than but in the same order with the observed
0.879 % 10° om™ values. One may, therefore, consider that the model underly-
0.998 x 10%° om™® ing Eq. (3) can predict the activation energy in the present
1.29°><102° om™ case fairly well in spite of the relative simplicity of the
ﬂgog 3:3::;‘2:: model. Nearly linear relations seen in Figs. 1 artd) Zug-
140°C  ultra-thin gest that the nearest-neighbor hopping model, which was
107 , , ) originally developed for doped semiconductors, can be used
00030 00035 00040 00045 00050  0.0055 for describing the electron hopping process among antisite
(@) 1T (1/K) As atoms in LT-GaAs in the temperature range around room
temperature.

0.18 As explained earlier, the critical donor concentrations de-
rived from Fig. 1 are higher than but in the same order with
the maximum concentration of antisite As atoms, which has
already been reported. The concentration of antisite As atoms
in a LT-GaAs layer increases with lowering of the growth
temperature under a high As flux condition. The increase of
the concentration, however, is restrained at growth tempera-
012 1 tures below 200°G® and the growth of a thick single-
crystalline LT-GaAs layer becomes difficult at lower tem-
01 peratures. In a recent study we have found that the
° incorporation of excess As can be enhanced by the growth of
0.08 =0 ultrathin LT-GaAs layers? According to the analysis of

x-ray-diffraction patterns, the concentration of antisite As at-
006 | o oms in the ultrathin layers grown at a low temperature is
more than twice the aforementioned maximum concentra-
tion. In the present study, we have grown ultrathin LT-GaAs
layers at lower temperatures in order to further increase the
concentration of antisite As atoms and measure their electri-
cal resistivity.

Figure 3a) is a cross-sectional bright field TEM image of
0 ‘ ‘ ’ ‘ periodic ultrathin LT-GaAs layers grown at 210°C. In the
30 35 40 45 50 55 image, 12.5 A thick ultrathin layers appear as bright lines,
®) Np'/® (10° 1/cm) while 100-A thick nearly stoichiometric layers are seen as

dark bands. Figure(B) is the 400 reflection in the x-ray-

FIG. 2. (a) Temperature dependence of the resistivity of thick diffraction pattern of the same ultrathin layers. Two high-
and ultrathin LT-GaAs layers(b) Activation energy for hopping intensity peaks are the zero-order peak of the periodic struc-
conduction in thick LT-GaAs layers as a function of the reciprocalture and the 400 reflection of the substrate, and the low-
of the average spacing of antisite As atoms. The data point denotédtensity peak in the each side is the first-order satellite peak
by an open circle is reported by Bliss al. (Ref. 3. of the periodic structure. From the intensity of satellite peaks

and the splitting of the zero-order peak from the substrate
age spacing of antisite As atoms. The activation energied00 peak, lattice spacings 6f00) plans in the ultrathin lay-
were estimated by the method of least squares with errors @frs and the 100-A thick layers can be estimated, a procedure
mean squares in the estimated activation energies being le#st has been described in a recent papvith the lattice
than 0.0003 eV. In the figure the activation energy reportedgpacings thus estimated, the concentration of antisite As at-
by Blisset al® is also plotted. As seen in Fig(l9, the acti- oms in each layer can be derived on the basis of the relation
vation energy is inversely proportional to the average spacreported by Liuet al? The concentration of antisite As atoms
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As seen in Fig. @), the resistivity of ultrathin layers is
significantly reduced by lowering the growth temperature.
The resistivity of the ultrathin layers grown at 140°C is 0.9
Q) cm at room temperature. The low resistivity of the ultra-
thin layers is attributed to the high concentrations of antisite
As atoms in these layers, but the simple extrapolation of the
linear relation seen in Fig. 1 to the values of the ultrathin
layers may not be possible because of their nearly two-
dimensional structure. The growth of ultrathin layers at tem-
peratures lower than 140 °C was attempted in order to further
decrease the resistivity, but resulting layers were highly de-
fective and exhibited high resistivity.

An important point noted in Fig. () is the reduction of
slopes of the ultrathin layers from those of the thick LT-GaAs
layers. If one assumes the nearest-neighbor hopping for the
conduction in the ultrathin layers, the results imply the re-
duction of activation energies for hopping conduction in the
] ultrathin layers. The activation energies of the ultrathin lay-
ers grown at 210°C, 180 °C, and 140 °C were estimated as
: 0.113, 0.123, and 0.085 eV, respectively, with errors of the
mean squares being less than 0.0004 eV. This reduction in
the activation energy with the increase in the concentration
] of antisite As atoms is in contrast to the change of the acti-
vation energy of the high-resistivity samples where the acti-
1 vation energy increases with the concentration of antisite As
atoms. A gradual reduction of the activation energy for hop-

325 33.0 335 ping conduction with increasing impurity concentration is
Rotation angle (deg.) known to occur in doped semiconductors where impurity
(b) concentrations approach the critical concentration for the

FIG. 3. (a) Cross-sectional bright field TEM image ant)  Metal-insulator trgnsitio?ﬁAnother possibility for the origin
x-ray-diffraction pattern of a multilayer structure consisting of Of the reduction in the slopes of the ultrathin layers is the
12.5-A thick ultrathin layers and 100-A thick nearly stoichiometric transition from nearest-neighbor to variable range hopping.
layers that were grown at 210 °C. Because of the narrow temperature range of the resistivity

measurements, it is difficult to distinguish between the 1/
in the ultrathin layers and 100-A thick layers of the samplegng 17723 dependencies, the latter of which is expected for
shown in Fig. 3 are 2.810° and 2<10" cm™®, respec- yariable range hopping in ultrathin layers, with the present
tively. ~_data. The variable range is known to occur at low tempera-

In Fig. 2(a), the temperature dependence of the resistivityres, but it can also occur at high temperatures if the average
of ultrathin LT-GaAs layers grown at 210°C, 180°C, and spacing of impurities becomes comparable to the Bohr radius
140 °C is shown. Estimated concentrations of antisite As atyf the impurity wave functiod! Regardless of either possi-
oms in the ultrathin layers grown at 180 °C and 140°C argjlity of nearest-neighbor or variable range hopping, there-
2.7 10°% and 3.6<10°° cm™*, respectively, while the con- fore, the present results of the ultrathin layers suggest that
centrations of antisite As atoms in 100-A thick layers of the metal-insulator transition may occur in LT-GaAs if the
these two samples are lower thaw §0'° cm™°. Because of concentration of antisite As atoms can be a little further in-
the low concentrations of antisite As atoms in the 100-Acreased. In order to realize it, however, an additional method
thick layers with which the conductivity changes in the man-gther than growth of ultrathin layers and lowering of the
ner shown in Fig. 1, the electrical conduction through 100"&growth temperature may be needed.
thick layers can be neglected in the estimation of the resis-
tivity of ultrathin layers of these three samples; their resis-
tivity was derived from measured sheet resistances of the
samples by assuming that effective thicknesses of the We would like to acknowledge the participation of A.
samples were those of ultrathin layers. Suda in the early part of the present study.

Intensity (arb.units)

ACKNOWLEDGEMENT

*Corresponding author. FAX 81-761-51-1149. Electronic ad- ?X. Liu, A. Prasad, J. Nishino, E. R. Weber, Z. Liliental-Weber,

dress: ootsuka@jaist.ac.jp and W. Walukiewicz, Appl. Phys. Let67, 279(1995.
IM. Kaminska, E. R. Weber, Z. Liliental-Weber, R. Leon, and Z. 3D. E. Bliss, W. Walukiewicz, J. W. Ager, E. E. Haller, K. T. Chan,
U. Rek, J. Vac. Sci. Technol. B, 710(1989. and S. Tanigawa, J. Appl. Phygl, 1699(1992.

165311-4



HOPPING CONDUCTION IN GaAs LAYERS GROWN BY ... PHYSICAL REVIEW B5 165311

4D. C. Look, in Properties of Gallium Arseniderd ed., edited by Phys.79, 3622(1996.
M. R. Brozel and G. E. StillmafINSPEC, London, 1996 p. 123, Betko, M. Morvic, J. Novak, A. Forster, and P. Kordos, Appl.
684. Phys. Lett.69, 2563(1996.

SM. Luysberg, H. Sohn, A. Prasad, P. Specht, Z. Liliental-Weber,'*N. F. Mott, Metal-Insulator TransitiongTaylor & Francis, Lon-
E. R. Weber, J. Gebauer, and R. Krause-Rehberg, J. Appl. Phys. don, 1974.

83, 561 (1998. 143, Fukushima, K. Mukai, F. Shimogishi, and N. Otsukapub-
D. C. Look, D. C. Walters, M. O. Manasreh, J. R. Sizelove, C. E. lished.
Stutz, and K. R. Evans, Phys. Rev.4B, 3578(1990. 15A. Suda and N. Otsuka, Appl. Phys. LeTt3, 1529(1998.

"A. C. Warren, J. M. Woodall, J. L. Freeouf, D. Grischkowsky, D. éI. Shklovskii, Fiz. Tekh. Poluprovodi, 1197(1972 [Sov. Phys.
T. Mcinturff, M. R. Melloch, and N. Otsuka, Appl. Phys. Lett. Semicond6, 1053(1973].

57, 1331(1990. 1'N. F. Mott and W. D. Twose, Adv. Phy40, 107 (1961).

87. Q. Fang and D. C. Look, Appl. Phys. Le@l, 1438(1992. 18A. Miller and E. Abrahams, Phys. Rev20, 745 (1960.

D. C. Look, D. C. Walters, G. D. Robinson, J. R. Sizelove, M. G. 1°S. Fukushima, K. Mukai, and N. Otsuka, J. Cryst. Groyithbe
Mier, and C. E. Stutz, J. Appl. Phy34, 306(1993. published, 200R

10N, Atique, E. S. Harmon, J. C. P. Chang, J. M. Woodall, M. R. 2°H. Fritzsche and M. Cuevas, Phys. R&L9, 1238(1960.
Melloch, and N. Otsuka, J. Appl. Phy87, 1471(1995. 2IN. F. Mott and E. A. Davis,Electronic Processes in Non-

113, K. Luo, H. Thomas, D. V. Morgan, and D. Westwood, J. Appl. Crystalline Materials 2nd ed.(Clarendon, Oxford, 1979

165311-5



