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lonization energy of magnetodonors in pure bulk GaAs
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Binding energy of donors in high quality epitaxial GaAs is investigated as a function of the magnetic field
between 0 and 12 T. Transverse magnetoresistance and the Hall effect are used as experimental tools. The
samples are characterized using temperature dependence of free electron density and mobility, taking consis-
tently into account the Hall scattering factor and the effective conduction depth of the structure. Our analysis
of the data at the freeze-out regime of higher magnetic fields allows for the hopping conductivity over donor
states. The determined magnetodonor energies are about 1 meV lower than the theoretical ones, which repre-
sents a very large improvement in comparison with previous studies.
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[. INTRODUCTION serves as an indicator of material quality and a degree of
impurity compensation. At higher dopings and higher com-
Gallium arsenide has been intensively studied for yearpensations the donor wave functions overlap, which results
because of its interesting fundamental properties, importarib a broadening of the donor levels and a decrease of the
applications in electronics and optoelectronics, and becaudsnding energy(see Ref. 4 At a critical level of doping the
it serves as a basis for GaAs/GaAlAs heterostructures anactivation energy vanishes and the semiconductor undergoes
superlattices. Many properties of GaAs are related to impua nonmetal-metal transition. Also this behavior can be
rities, their activation energies, statistics, mutual interactionstrongly influenced by an external magnetic field, as shown
at higher densities, etc. It has been recognized for a long timby Robertet al® for bulk InSb and by Zawadzket al® for
that an external magnetic field provides a very effective toothe two-dimensional GaAs/GaAlAs system.
for the understanding of various semiconductor properties Among numerous studies of GaAs there exists to our
and, in particular, of the impurity behavior. More specifi- knowledge only one paper dealing with the binding energy
cally, since the pioneering experiments of Sladek andf magnetodonors in this material by means of transport phe-
coworkerd and the theoretical work of Yafet, Keyes, and nomena(see Ref. J. The activation energies measured in
Adamg it is known that the magnetic field increases theRef. 7 represented only a fraction of the theoretical values,
binding energy of donors. As a result, at low temperaturesndicating that the GaAs material was of poor quality. For
the electrons can be “frozen out” from the conduction bandthis reason we undertake here another study of magnetodo-
to the donors as the magnetic fi@dncreases. The magnetic nor activation energy in GaAs using the material of much
freeze-out is caused by the decrease of the mag(mtato-  higher quality. Also the analysis of the transport data leading
tron) orbit with increasingB. This brings the electron closer to the determination of the binding energy is considerably
to the donor atom, which makes the Coulomb interactionimproved. It is known by now that in order to measure the
stronger and enhances the binding energy. A characteristliinding energy with a sufficient precision it is not enough to
parameter for the hydrogenic donor in a magnetic fielg is determine the slope of the free electron density) versus
=hw./2R, where w.=eB/m* is the cyclotron frequency 1/T, as was done in Ref. 7. Instead, one needs to use the
andR is the effective Rydberg. The latter gives ideally the complete electron statistics, taking into account the occupa-
donor binding energy aB=0. In narrow gap semiconduc- tion of both donors and acceptors. In addition, a precision of
tors the parametey can reach values of #0at accessible sample characterization is increased if one describes not only
magnetic fields because of the small effective masses arttie free electron densityn(T), but also the mobility
small values ofR*. An interesting property of the magneto- u(T).2~*°A serious problem in such an analysis is the fact
donor problem at highy values is that it imitates the hydro- that using the transport data, i.e., the electric conductivity
gen atom in gigantic magnetic fields, not achievable in terand the Hall effect, one measures not the real electron den-
restrial conditions. And so the value ¢&=100 corresponds sity n(T) and the mobilityu(T) but the Hall densityn,,(T)
to theH atom in the field oB=10" T, available only in the and the Hall mobility,(T). A correct sample characteriza-
vicinity of neutron stars. This makes the magnetodonor probtion should take this into account. In our procedure we go
lem of importance not only for the semiconductor physicsbeyond the usual approximation that neglects the above
but also for the atomic physics and astrophyssese Ref. B difference€~1° Another difficulty encountered for modern
GaAs is a medium gap semiconductor, for which the value othin samples grown by epitaxial techniques is the value of
y~3 can be reached at accessible magnetic fields. The dondre active depth of the sample conducting the current, as
activation energy and its behavior in a magnetic field alsopposed to inactive surface and interface depletion layers.
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This active depth is not knowa priori. We deal with this Oyx
problem as well. At higher magnetic fields, when more and Pxx:_Z?: 2
more electrons are frozen out into donor levels, one should TxxT Oxy

allow for a possibility of hopping conduction over the donor ynere the conductivities are
states. In our analysis of the experimental data we take into

account this effect. en< P >

The paper is organized in the following way. In Sec. Il we Oy=7< | ——— 1, 3)
provide a theoretical background for our study. In Sec. Il we (1 1+ pu?B?
describe characterization of GaAs samples at low magnetic
fields. In Sec. IV we present high field data and determine __enB w?
the donor energies as functions of a magnetic field. Section V nyzm m : (4)
contains a discussion of the experimental energies and their K
comparison with the theory. The paper is concluded by aHere=er/m* is the mobility, 7 is the relaxation timem*
summary. is the electron effective mass, amlis the magnetic-field

intensity. The electron density is
Il. THEORETICAL BACKGROUND
. L 1 [ 2m*kT\| ¥

In order to determine the donor binding enefgy as a n= _(_0) (1). (5)

function of magnetic field one has to know the density of 3w\ A?

donorsNg and that of acceptorBl, in the sample. These

quantities can be determined by fitting the temperature de- In the above expressions we use the notation of
pendence of the free electron densit{T) or the electron Zawadzki®® simplified for the case of parabolic bands. Thus,
mobility (T), or both. It has been the experience of otherin general,

workers that fitting the electron density alone is not suffi-

ciently precis€, so that one needs a description of mobility (A)= fw( _ ‘9_f0) A(2)23%dz (6)

as well, especially at lower temperatures where the impuri- 0 Jz

ties provide the main scattering mode. ) _ )

The difficulty in such a procedure is that the measurediescribes the integral of the quanti(z) over the band.
quantities are not the real densityT) and the Ohmic mo- Herefo(z, %) is the Fermi-Dirac distributionz=e/koT and
bility %, but the Hall densityn,(T) and the Hall mobility ~ 7=€r/KoT are the reduced energy and the reduced Fermi
4y involving the Hall scattering factor,,. It has been a €nergy, respectively. The above average quantities are de-
common practice to disregard this difficulty by putting fined, in general, as
ru(T)=1 at all temperatures;°but we intend to go beyond — (A)
this simplification. Another problem concerning the sample A= m (7)
characterization is related to the effective thickness of the
conducting channel in the sample, which directly affects the 1 can be shown, integrating by parts, thdtl)
Hall measurement afi,,(T) since it determines the electron —(3/2)F, ., where F,,, is the Fermi integral. Using the
current density. The temperature dependence of the thicknegg, e equations one obtains fB=0 the conductivityo
of surface and interface depletion layers for thin samples Cal ez In the limit of weak magnetic fieldsy®B2<1) one
Lopkowskier a and he review of LagR, - T Y 1aS R~y =, andR /= 1= ., Where the

: e Hall scattering factor is

In our procedure of sample characterization at low mag- —
netic fields we treat the unknown quantitidg, Ny, E4 as r _H
fitting parameters. Knowing the other material parameters H 72

related to electron scattering we compute the Ohmic mobility . _ _
2 and the Hall factor,,, which allows us to calculata, As mentioned above, a comparison with the measured

and ;. Next we optimize by iteration the values by, values of electron density cannot be directly carried out since
N,, andEg, by getting the best fit to the measured tempera£Xxperimentally one measures=1/eR;. Thus in order to
ture dependences of,(T) andy(T). An additional condi- ~Make the comparison one needs to calculate the mobility and
tion of such an optimization is to obtain a correct value ofits energy dependence.
the Samp]e depth by using known dependences of surface In the anaIySiS of the free electron denSity we use the
and interface depletion layers on the electron density irfharge balance equation
GaAs. n+N,=N;, 8

The Hall coefficientRy and the transverse magnetoresis-
tancep,, in the classical transport regime are described bywhereN; is the density of ionized donors. This density is
the standard relations

—~

1
o, Ni=Ng[ 1— 1 , 9

BRy=— ———>—, (1) Z oxty — 1
H E§X+E§y 1+26X[x n Ed/koT)
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=

whereNy and E4 are the donor density and the donor acti-
vation energy mentioned above. Combining E§s. (8), and
(9) one can solve for the Fermi energy(T) and the free
electron densityn(T), in whichN,, Ny, andE, are treated
as fitting parameters.

Our analysis of the electron mobility in GaAs follows
essentially the procedure of Wolfe, Stillman, and Lindley
with some modifications. The ionized impuritly) scattering
mode is described by the Brooks-Herring formula derived 3
for the screened Coulomb potential. The mobifiy for this NgN= 115107 cm
mode is determined by the densities of ionized impurities f1)— K=0.55,E=42meV
Ng, Na, and the dielectric constarfy=12.86. At low tem- r2)--- K=0.5 ,E=43meV
peratures the electrons are frozen from the conduction band 3).-- K=0.6 ,E=4.1meV
to the donors and the latter become neutral. We describe the 1024 50 T
neutral impurity (ni) scattering using the formulation of 1000/T (K™)
Meyer and Bartolt* At low temperatures, their formula
gives a somewhat lower value of the mobiljiay,; than that
obtained from the early formulation of ErginstyThe scat-
tering by acoustic phonongc is described within the stan-
dard approach of the deformation potential The value of
the latter is not very well known even for GaAs and it is
usually treated as an adjustable parameter, sensitive to the
value of the total mobility at its maximurfsee below. The  The temperature was carefully measured by two calibrated
value of the longitudinal elastic constant=(3cy;+2c,, carbon-glass resistors, which allowed us to have the accuracy
+4c,,)/5 is calculated using,;=1.221x10" Jm 3, ¢,  of 2% in the whole range.
=0.566x 10 Jm 3, c,,=0.599x 10'* Jm 3. The piezoa- In order to get initial approximate values Nf;, N,, and
coustic scatteringpz) is described according to the formula- Eq we begin with the so-called exhaustion region of tem-
tion of Meyer and Poldef using the longitudinal elastic peraturesEq<k,T<ey, Wheree, is the energy gap. In this
constant given above, the transverse elastic constant region the free electron density is=Ny—N,, and it is not
=(c11—C1p1+3Cyy)/5, and the piezoelectric constami,, sensitive to the compensation ratio=N,/Ng. Thus, as-
=0.16 C/nt. The scattering of electrons due to the polarsuming in the first approximation~n,=1/eR,, we deter-
interaction with optic phonon&op) presents some difficul- mine Ng— N, and the subsequent fitting of the temperature
ties, since it is basically nonelastic and it may not be dedependencey(T) is reduced to a two-parameter procedure
scribed by the relaxation time approximation. In our analy-of adjustingK andEy. The same approximatiom~n, al-
sis, we follow Ref. 14 using the Ehrenreich variationallows us to determine the approximate active defthof the
approach, which defines an effective temperature-dependesample. The measured Hall resistafe is proportional to
indexr. The latter is given in Ref. 17. The polarity is deter- the inverse of the current densityRy o 1/j<de¢/l, wherel
mined by the static dielectric constant given above and thés the total current. Thus the relation between the measured
high-frequency dielectric constairt,=10.9. The energy of electron densityn1/R,; andd. is represented by an hyper-
the optical phonon isiw,,=ko6 and we take the Debye bola. On the other hand, as shown by Chargtral 18 (see
temperatured=423 K. We include the polar scattering for also Ref. 12, p. 45—-48there exists a monotonic relation
the completeness of the description, but this mode is imporbetweenn and the total depletion layetye, (@ sum of sur-
tant at higher temperatures, whereas we are mainly corface and interface depletion laygifer GaAs. Knowing the
cerned with low temperatures at which the mobility is metallurgical deptid we obtain a second relation between
controlled by impurities. The total scattering rate is given byandds=d— dgep for our sample. The hyperbole(des) and
the Mathiessen relation L(e€)=2;1/u;(€). The average the latter dependena®(d.4) give the values ofl.z and n,
mobility for a given temperature is calculated using E6s  which are subsequently refined whieg is no more exactly
and(7). identified withn.

Figure 1 shows the experimental values of the Hall den-
sity 1/eR, measured as a function of temperature at the low
magnetic fieldB=0.0097 T. The different curves show

We investigated two GaAs samples. Sami@@e was three theoretical fits based on E¢b. and(2), accounting for
grown by the liquid phase epitaxy on a semi-insulating GaAghe Hall scattering factor. They are characterized by different
substrate and it had the metallurgical thickness of .  adjusted impurity sets oy, N5, Eq4. It can be seen that the
SampleS, was grown by the molecular-beam epitaxy and itfit to the electron density alone is not sufficiently precise to
had the metallurgical thickness of 1@m. Both samples had decide which of the three sets is the best.
residual donors of unknown origin. Each sample had four In Fig. 2 we show the experimental Hall mobilifyy
Ohmic contacts made of indium. The measurements were u-ry, measured in the same experiment, together with the
made in the range of 4—300 K in magnetic fields up to 12 Ttheoretical Hall mobility calculated using the material pa-

[
o
T

GaAs-S,

I/Rye (cm”™)

—_

(e}
—
w

FIG. 1. Hall free electron density in GaAs sam8e versus
10001T. Full circles represent experimental values measured at the
magnetic fieldB=0.0097 T. Solid, dashed, and dashed-dotted lines
show the results of theoretical calculation for three impurity param-
eter sets.

IIl. SAMPLE CHARACTERISTICS
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Y TABLE |. Parameters of the two unintentionally doped GaAs
10 k samples.

:; Parameter S S,

g Thickness gm) 16 10

> wat77 K (enfV-is ™t 120000 94000

iz Hpeak (CMP V™ 1s™h) 175000 135000

g Ng—N, (10%* cm™3) 1.15 2.7

2 K=N,/Ng 0.55 0.40

=10 EqatB=0 T 4.2 meV 4.3 meV

Ng (10" cm™3) 2.55 4.50

effect measure directly. This point is discussed below.

FIG. 2. Hall electron mobility in GaAs sampl®, versus tem- If the condition Bz,uz=w§72>l is satisfied, the band is

perature. Full circles represent experimental values measured at the . . ( .
magnetic fieldB=0.0097 T. Thick solid line shows the total theo- quantized into the well-defined Landau level) energies:

retical Hall mobility calculated for the first set of impurity param- €x.k, = 1 @c(A + 1/2)+#%k;/2m*. The electron density can
eters indicated in Fig. 1, thin lines indicate theoretical mobilities forbe calculated summing over LL's and integrating oker If
separate scattering modes. The thick dashed line and the dashetie Fermi energygg is significantly lower than the lowest LL
dotted line show the theoretical total Hall mobilities calculated fOFenergyeo=hwc/2 (the freeze-out regimeone has
the second and third parameter sets, respectively.

o
rameters given above and the first set of impurity parameters m —n7>1, (10)
indicated in Fig. 1. The deformation potential for the acous-
tic scattering is adjusted to get correctly the maximum ofand the free electron density may be written in the form
mobility at T=48 K, and we obtairC=11.5 eV. The val-
ues ofC for GaAs, determined by various procedures, range *
from 7 eVe through 9.3 eV¥® and 13.5 eV(Ref. 20 to 15.7 n=N.>, ex
eV to mention just a few papers. The fit to electron mobil- r=0

ity in very pure GaAs samples requir€sto be between 9 _ = 2,2 .
and 10 eV*? in reasonable agreement with our estimation.\(/)\;hl_eliz li\lscas?sﬁmzezns]inlj:oe-ri/rganwaﬁs)t.hgg?e:t?:)nn de’?n?g;roarcy
Thin lines show contributions of various modes to the total. e

mobility. The dashed and the dashed-pointed thick curvet V&Y small, In.the presence of magnetic field the density of
e . ionized donors is
show the total mobilities calculated using the other two sets
of impurity parameters indicated in Fig. 1. It can be seen that 1
neither of the three sets gives a perfect fit to the experimental N; =Ny ) (12)
mobility, the experimental slope at low temperatures being
lower than the theoretical ones. The same discrepancy was S Eh‘”c
observed for InP by Anderson and Apsfewe finally take +2exp—— 5
the first set of impurity parameters for the samgle 0
The same procedure of the sample characterization waphe donor states bound to higher LL's may be neglected
carried out for ﬂ'E sampl8,. We obtained similar descrip- pecause of the inequality10). For givenN4 and N, the
tions of ny and uy as those shown in Figs 1 and 2, the values of» andn can be calculated using E®), (11), and
theoretical mobility at high temperatures being slightly (12). We have checked posteriorithe validity of condition
higher than the experimental one. This did not affect thq:Lo)_ For our range of temperatures (5<K<200 K) and
precision of the determined impurity parameters, as theynagnetic fields (1 £B<12 T) there isfiw./2koT— 7
were adjusted by the fit at low temperatures. The determinegd 5 g that the inequality10) is satisfied.
parameters characterizing our two samples are quoted in The theoretical dependenagT) should be compared
Table I. with the experimental one, which poses a problem of how to
measure the free electron density at high magnetic fields. The
standard answer is= 1/R,e. In fact, it can be verified using
Egs.(1) and(2) that in the limitB2u?>1 the quantity R, e
Once the impurity parametefdy and N, have been es- approaches and the scattering factary is not involved.
tablished, one can determine the donor activation enEggy The limit B2u?>1 means thadr, <oy, , Which is true when
at higher magnetic fields by measuring and fitting the temw,, ando,, are given by Eqs(3) and(4), respectivelyj.e.,
perature dependence of the free electron demgify). This if the conduction occurs only in the band. In practice, how-
procedure is based on the assumption that at higher fieldsver, as the electrons are being frozen out from the band to
(for which B2u?>1) the electric conductivity and the Hall the donor states, the latter can conduct by the hopping

er—hw(N+1/2)
koT '

11)

IV. HIGH FIELD DATA
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FIG. 4. Free electron density in GaAs samflein the freeze-
out regime versus 100D/for three magnetic fields. The empty
circles are experimental pointthe same as in Fig.)3the solid
lines represent theoretical fits treating the magnetodonor binding
energyE4(B) as an adjustable parameter.

FIG. 3. Experimental free electron density in GaAs santjle
versus 1007 in the freeze-out regime for various magnetic fields
(fromB=1 TtoB=12 T in steps of 1 T The lines between the
points are drawn to guide the eye.

mechanism. As a resultr,, is not strongly suppressed by
magnetic field and one may not neglegt, compared to
ayy- In this situation, as proposed by Mansfféldor the
case of InSb, one can write

experimental curves for three differeBt values, given as
examples.

The fits are based on Eg®), (9), and(11), the values of
Ng4 andN, were established befofsee Table)land the only

To=gt 4 fit parameter is the magnetodonor activation endeg{B).
T e We performed similar experiments and analysis for the GaAs
_ sampleS,.
ny:Egyi (13
wherea?, anda?, are the band contributions to the conduc- V. DONOR BINDING ENERGIES

tivity tensor, given, respectively, by Eq&) and (4), while
oy is the impurity contribution to the conductivity. The
componenio,, is written down without the impurity contri-
bution since the hopping mechanism of conductivity is
known to exhibit very small Hall effect. Using Eg&l) and

(2) one obtains quite generally

The determined magnetodon®D) binding energies for
the two GaAs samples are shown in Fig. 5. The theoretical
binding energy of hydrogenic MD is calculated using the
variational procedurgsee Zawadzkiet al?®). The Schre
dinger equation, written in effective atomic unitengths in
the Bohr radiusa} = k%2/m*e?, energies in the effective
RydbergR=m*e*/2«x?#h?) reads in cylindrical coordinates

_ BRy 14 (spin is omittedl
Oxy=75 252 (14
pxxT B Ry
Vz'a+122 2 V=EV¥, (17
Let ider th tit —ViTly—T— T T = )
et us now consider the quantity V(M 27P Jp2i 2

B’R B_. n |/ B2%?
z—szzgaxy:m<7 (19 ; -
e(pxx+B°Ry) 1+B“u 10k b
where Eq.(4) has been used. The expression on the right- -
hand side approachesn the limit B2x?>1. In the standard 2 [ ]
procedure one neglects, compared tB?R? , which we do 12 C ]
not do because of the above given reasons. In fact, the ex- '”53 1
periment shows that at low temperatupgsg is not negligible 5 1
compared tBRy . Thus, we employ the expression r S, 0 1
r GaAs S ]
B2Ry 19 : 2 7]
n=———— I B A AT A AT

to measure the free electron density at high magnetic fields giG. 5. Binding energies of magnetodonors in GaAs versus
(see Roberet al® and Raymondet al**). magnetic field intensity. Empty circles are experimental energies

In Fig. 3 we show the measured free electron density injetermined for samplg,, crosses are those determined for sample
sampleS, as a function of 1¥/T for different magnetic fields  s,. The solid line is a result of variational calculation using the
between 1 T and 12 T. Figure 4 shows the theoretical fits tvalue of R=5.52 meV.
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wherep?=x2+y? and y=fw./2R. The variational ground The energy difference between the theoretical and the ex-
MD state is written in the form first proposed by Pokatilov perimental values shown in Fig. 5 is almost independent of
and Rusano®’ the magnetic field. This is somewhat surprising sinceBas
increases, the donor wave functions shriskee Zawadzki

¥ =Cexp—ap’—br), (18 et al?), which should lead to a smaller overlap for neigh-
in which r2=p2+ 22, while a and b are the variational pa- boring impurities, so that at higher fields_ the experim_ental
rameters. This function gives very good MD binding ener-EN€rgies should _be closgr to the theoretical ones. Tryos was
gies for low and mediumy values, combining the “atomic” indeed the case in experiments of Poehéerd Kadriet al.
factor exptbr) with the “magnetic” factor expt-ap?). In for bulk samples and those of Zawadziti al.” for GaAs/

our approach we neglect a nonparabolic character of the coft/GaAS heterostructures. On the other hand, for a high qual-

H 24
duction band in GaAs which becomes of importance at veryty INSb sample, Raymondt al”" observed the parallel be-
high magnetic fieldgsee Miuraet al2’). The calculation is havior of experimental and theoretical MD binding energies.

carried out using the effective mass* =0.067m, and the In our study we did not attempt to measure directly the

effective Rydberg =5.52 meV. The result is shown in Fig. Hall scattering factory,. This was done for InP at low

5 by the solid line. The experimental energies are consistemperatureésand for GaAs at high temperaturésThe sub-

tently somewhat lower than the theoretical ones. Still thdect of the Hall factor remains somewhat controversial. The

discrepancy is incomparably smaller than in the case of th@umerical calculatiolrzls indicate that in GaAs at low tempera-
GaAs sample investigated by PoeHldndicating that our turesry is close to 1;° whereas our calculations based on the
material is of much higher quality. The experimental MD rélaxation time approximation for scattering by ionized im-
energies for both our samples are almost the same, except fBHI €S givery which can reach values of 1.4. Also at higher
B=0. It is of interest that the value @&, determined at the temperatures the experimental estimation gives smaller val-
low field (B~0) is consistent with the estimation at higher U€S 0fr' 1than those calculated for polar scattering by optic
fields, although the procedures used in the two cases a@onons?’. However, it should be emphasized again that our
somewhat different. This consistency confirms the validity oftn€oretical fits to the low field data shown in Figs. 1 and 2
our assumptions. As to the absolute valu€gfatB=0, we  Include the Hall scattering factor.

determineE4~4.2 meV for the less doped samg and It was observed by Look and Colféthat GaAs samples
Eq~4.3 meV for the sampl&,. These values are somewhat ©f Very high quality, having the compensation raie-0.1,

lower than those determined by Stillman and Wdffeyho ~ €Xhibit at low temperatures two maxima of the mobility
found Eg~5.3 meV for Ng=1.7x10% cm 3 and E, w(T). Our samples do not show this feature. Also the fact

~4.8 meV for Ny=3.3x10' cm3, while Look and thgt the experimental MD energies shown in Fig. 5 dc_; not
Colte? obtained similar energie€,~4.7 meV for Ny quite reach the theoretical values indicates that there is spll
=3.1x10"% cm® and E4~4.3 meV for Ng=3.2 room for an improvement as far as the sample quality is
104 em3. concerned.

It is well known that the donor binding energy decreases
with the doping level. The general picture is that, as the
doping increases, the donor wave functions begin to overlap We investigated two GaAs bulk epitaxial samples of high
and the donor level is broadened. Also, because of the pajuality with the use of transport experiments in order to de-
tential fluctuations related to impurities, the conduction bandermine the donor binding energy and its dependence on
acquires a tail of the density of states on the low energy sidenagnetic-field intensity up to 12 T. Both free electron den-
These two features contribute to the decrease of the energyty and electron mobility were modeled theoretically to
interval between the donor energy and the b&rithe effect  characterize the samples, taking carefully into account the
was studied for GaAs by Stillman and Woféfor InP by  Hall scattering factor as well as the surface and the interface
Anderson and ApsleY,and recently for 4H-SiC by Pernot depletion layers of the investigated structures. Our analysis
etall® The influence of magnetic field on the doping- allowed for the existence of hopping conduction over the
induced semiconductor-metal transition in InSb was investidonor states in the freeze-out regime of higher magnetic
gated by Roberet al® and in InP by Kadriet al®° The re-  fields. The theoretical donor energies were calculated using a
sidual donors in our GaAs samples can be of different atomitwo-parameter variation procedure. At all magnetic fields the
species, which would result in their somewhat different bind-experimental binding energies were only about 1 meV lower
ing energies because of the chemical shift. This would alsthan the theoretical ones. This represents a very substantial
lead to a broadening of donor level and, in turn, to a decreasienprovement in comparison with the previous studies of

VI. SUMMARY

of the measured binding energy. GaAs and confirms the high quality of the material used.
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