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Conductivity, Hall effect as well as “physical” and “geometrical” magnetoresistances were
measured at 290—-440 K in molecular-beam epitaxial GaAs layers grown at 200—400°C. The
experimental data were analyzed taking into account the combined band and hopping conductance
regime. Positive hopping magnetoresistance parametgrko(B?),,~10 * T~ 2 and hopping Hall
mobilities lower than K10 *m?V 's ! were determined in the as-grown layers. A
transverse-to-longitudinal hopping magnetoresistance ratio of about 2, consistent with hopping
transport theories, was obtained. In the annealed layer grown at 2Q200a the band mobility
determined from the geometrical magnetoresita@&® R) mobility was found to be significantly
higher than the band Hall mobility. It is related to a mixed band conductivity regime with the hole
concentratiorp exceeding the electron ome The difference between GMR and Hall mobilities
decreases with increasing growth temperature as far as a typical single-carrier band conductivity
regime f1>p) is present in the layer grown at 400 °C. In contradiction to the layers grown at higher
temperatures, the J200a layer showed the oppgsitgtive sign of the hopping Hall coefficient as

well as the largest hopping magnetoresistance paramet8x(10 2T 2). © 1999 American
Institute of Physicg.S0021-89789)09022-3

I. INTRODUCTION samples examined. The band conduction obtained is further
analyzed with respect to the mixed conductivity regime as-

Low-temperaturgLT) grown molecular-beam epitaxial . o
b aLi) g P eSuming both electron as well as hole conductivities.

(MBE) GaAs material has attracted interest from both th
physics and the application points of viéwAnalysis of its  |I. EXPERIMENT DETAILS

electrical parameters using the combined band and hopping The LT GaAs layers were grown in a Varian Mod GEN
conduction model is commonly used to obtain the individual, \MBe system on indium-free-mounted100) semi-

ba”?' and _hopplng transport paramef&m spite of_the at- _insulating GaAs wafers at substrate temperatures of 200,
tention paid to the study of the electrical properties of th|5250’ 300, 350, and 400 °@hermocouple reading onlythe
material, there is a lack of published data concerning th?ayers are denoted J200, J250, J300, J350, and J400, respec-
galvanomagnetic parameters, especially the magnetoresigge|y An As,/Ga beam-equivalent pressure ratio of 19 and
tance in the hopping dominated LT GaAs. The hopping conz, growth rate of 1um/h were used to grow Zm thick
duction magnetoresistance was studied theoretically by,yers A part of each wafer was annealed using rapid ther-
Mikoshiba’ and Shklovskit in simple semiconductors with processing under local As overpressure at 590 °C for 10
the impurity state represented by the hydrogenic wave funGgin (the annealed layers are denoted by the additional char-
tion. Experimental results were published for Ge and GaAs, ey a. Samples of about66 mn? were cut from the wa-

at low temperature$’ Recently, a theory for hopping trans- torq " and the layers were separated from the substeate

port in a magnetic field and its application to the calculationaag interlayer was grown between the substrate and the
of the Hall mobility and the magnetoconductivity in a three- layern.10

dimensional system were presented by Bleibairal® Con- Three types of sample configuration were used. For the
cerning LT GaAs, a giant magnetoresistance effect was oo qyctivity and Hall effect measurements using the van der
sgrve_:d by Wellmanet al. in a low-temperature grown GaAs Pauw (vdP) method, square shaped samples were prepared
with imbedded MnAs nanomagnets. with four contacts in the cornerssdP configuration, Fig.

In this work, we analyze the temperature dependent Cony5)] short samplegdistance between the contacts of about
ductivity and Hall effect, as well as the transverse and Ion0_5 mm) with two wide contact$=6 mm) were made for the
gitudinal magnetoresistances in molecular-beam epitaXialgeometrical” magnetoresistance measuremeifGMR)
GaAs layers grown at 200-400°C, taking into account thenfiguration, Fig. (b)]. Finally, long bar samples of about
combined band and hopping conductance regime in thgy g 5 mn? with two contacts at the bar ends were prepared
for the “physical” magnetoresistance measuremgRMR)
dElectronic mail: elekjbet@savba.sk configuration, Fig. (c)]. The samples of all configurations
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FIG. 1. Sample configurations for van der Pa(ay, geometrical magne-
toresistanceb), and physical magnetoresistanog measurements.

_ ) 0 5000 10000

were prepared consecutively from the same piece of the layer R/

used first for the vdP measurement. (RIAR)awr
The contacts were prepared by rubbing#®a into the

surfacg of the Iay?r at room temperature, and their qhmlénce at room temperature for one as-grqd860 and two annealeJ200a

behavior was confirmed by current—voltage characteristicsand j250asamples. The solid lines are linear fits.

Precise dc measurements were carried out with the samples

in the dark at 290-440 K, using a high impedance system.

Magnetic fields belw 1 T perpendicular to the plane of the single-conductivity term representing the contributions of the

Iayer (perpendiCLCJ;Ie'\l/erto th§ Fc)l,.\l/r“rs)nWere applied to obtain  qinqie hand and single-hopping magnetoresistafags p,
the transverse an magnetoresistance param- "/ “tor B0, p is the resistivity. In general, a

eters. For the longitudinal PMR magnetoresistance measure; - 2 2y o
2 ; rge difference betwee and > indi-
ments a magnetic field parallel to the current was applied. ca?es a mixed conductifﬁMrRegimél:(;':S;M:ﬁ)ﬂg%d/or a
. . . . m

The combined hoppm_g and band conductan.ce regime 1 rge contribution of the single-conduction magnetoresis-
considered to be present in the LT GaAs layers investigate ances Goyr > 12)
Assuming that both the hopping and the band conductances For the ’|SOW ?nagnetic field the quadratic field depen-
are localized in the same layer, the individual conductivitiesdence of the band conductivity is assumed:
were calculated for the same layer thickness. The experimen- |
tal data were analyzed by using a fitting procedure with the  (op)g= 0po(1— qpufipB?), (6)
formulas presented in the Appendix.

IG. 2. Square of the inverse magnetic field vs inverse GMR magnetoresis-

which yields a band magnetoresistance péras follows:

IIl. EXPERIMENTAL RESULTS (Ap/poB?)p=oiip, ()
whereq, is a magnetoresistance coefficient which is identi-
cal to the physical magnetoresistance coefficintthe case

of the single-carrier band conduction regiftieeoretical val-
ues of¢ between 0.0865 and 0.577 were presented by Look
S=(AR/RyB?)5 .0, (1)  for various scattering mechanisits q,> ¢ indicates that a
mixed band conduction regime is present.

To analyze the experimental data successfully, it is nec-
essary to determine the magnetoresistance parameters as well
as the Hall effect at a sufficiently low magnetic field or to
extrapolate them t®—0 [see Eq.(1)]. It is important to

eet this requirement especially in the case of the combined

onduction, in which case these quantities can depend on the
magnetic field very strongly. Fortunately, the magnetoresis-
tance experimental data fulfilled well a linear dependence

The change in the sample resistai;aupon applying a
low transverse magnetic fiel8, can be expressed by a mag-
netoresistance parameter as follows:

where AR/Ry=(Rg—Rp)/Rq is the relative magnetoresis-
tance (subscriptsB and 0 are for values with and without
applying the magnetic field, respectivelyor the physical
(Spvr) @and geometrical $g\gr) Magnetoresistance param-
eters corresponding to the PMR and GMR sample configu
rations, respectively, the relationships presented previousl
for the mixed conduction semiconductbrs=can be rewrit-
ten as follows:

SemrR= Spurt 1fis (20 1/B? vs Ry/AR.* In Figs. 2 and 3 the above dependence
s g ‘s 3) measured at room temperature is plotted for some samples of
PMR™ “PMRm © “PMR.s » GMR and PMR configurations, respectively. The slopes of

SPMR’m:a'b(fh(RHba'b—Rth'h)zl((Tb+ on)?, (4) the 1B? vs Ry/AR plots for the GMR and PMR sample
_ 5 5 configurations are equivalent to the magnetoresistance pa-

Spmrs=[0b(Ap/poB)p+ on(Apl poB)nl/ (ot o), rametersSgyr and Seyr, respectively. It should be noted
5 that all the magnetoresistances measured were positive, i.e.,

whereo is the conductivity Ry, is the Hall coefficien{sub-  the resistance of each sample under the magnetic field was
scriptsb andh are for band and hopping quantities, respec-greater than that without the magnetic field. The transverse
tively), uy is the apparent Hall mobilitfsee Appendix  and the longitudinal magnetoresistances in the as-grown
Spvrm is the mixed conductivity term, an&pyrs is @  J350 sample, as an example, are shown in Fig. 3. It is seen
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FIG. 3. Square_ of _the inverse magnetig field vs inverse PMR transversg|g. 5. Apparent Halllopen marksand GMR (full marks) mobilities vs
(BL1) and longitudinal Bill) magnetoresistances at room temperature for measurement temperature for as-grown samples grown a(d8en tri-

the as-grown J350 sample. The solid lines are linear fits. angles, 350(circles, and 400 °Qup triangles. The dashed and solid lines
are theoretical fits.

that the transverse magnetoresistance is by a factor close to 2 L o

larger than the longitudinal one. This sample, despite the fadl'€nt temperature are plotted in Fig. 6. As seen in Fig. 6, the
that its growth temperature was high850 °Q, exhibited a conductivities obtained with the GMR sample configuration
hopping dominated conductance regime at room temperdWo-Point measuremenare in good agreement with those
ture, as follows from Fig. 6 below, which had also beenobtained with the vdP one. Hence, it can be deduced that the
shown in our previous workt If the band conductance is contact resistances of GMR_sampIes are negligible. At room
dominant, the above factor will be evidently higher, e.g., alémperature the GMR mobility largely exceeds the apparent
transverse-to-longitudinal magnetoresistance ratio of abolta!l mobility (see Fig. . Itis associated with the combined
10 was found in the J400 sample. hopping and band conductivity regime as well as with the

The parameterSeyr, Seur, and,uﬁ obtained from the Significant single-hopping magnetoresistance. At higher
measurements fulfilled excellently E®), which is demon- measurem_ent tempe_ratures the band conductance bg_comes
strated for sample J350 in Fig. 4. At lower temperatysds ~More dominantsee Fig. 6 and the GMR and Hall mobili-
is extremely small, and the PMR and GMR magnetoresisli®S approach each othésee Fig. 3 indicating a single-
tance parameters are close to each other. At the higher terﬁarrler(q-type) band conductance. .
peraturesuﬁ approacheSgy, andSeyr decreases In Fig. 7, the GMR and Hall mobilities versus measure-

In Fig. 5, temperature dependences of the GMR mobilityme”t temperature are plotted for annealed samples J200a,
defined as the root square 8y are plotted for as-grown J300a, and J400a. The data for_samples J_250a and J350a are
samples J300, J350, and J400. For comparison, the appardiftt Shown to preserve the clarity of the figure. The corre-
Hall mobilities are also shown in Fig. 5. The correspondingSpond'ng conductlwt_les _Versus inverse measurement tem-
zero magnetic field conductivities versus inverse measurg2erature are plotted in Fig. 8. It is evide(fig. 7) that even

=~ 10"F J300

— = E 3
NI — L

'— 1 L

— S 102 E
' > E

3 =

s S 10°%; :
= 5 E Sample config.:

%3 8 [ wdP - open marks
N o nB ] O [ GMR-fulmarks

F107¢ J350 3 10%¢

107 2,5 3,0 3,5

300 350 400 450

inverse measur. temperature (10° K™
measurement temperature (K)

FIG. 6. Conductivity vs inverse measurement temperature for the as-grown
FIG. 4. Square of the apparent Hall mobilitw?) and the physical $ur) samples in Fig. 5 obtained with the vdépen marksand GMR(full marks)
and geometrical§gyr) Mmagnetoresistance parameters vs measurement tensample configurations &= 0. The solid lines are theoretical fits of the vdP
perature for sample J350. The solid lines are theoretical fits. conductivity.
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FIG. 7. Apparent Hallopen marksand GMR (full marks) mobilities vs |G, 8. Conductivity vs inverse measurement temperature for the annealed
measurement temperature for annealed samples grown atd20 tri-  samples in Fig. 7 obtained with the v@pen marksand GMR(full marks)
angles, 300 (circles, and 400 °C(diamonds. The dashed and solid lines  sample configurations &= 0. The solid lines are theoretical fits of the vdP
are theoretical fits. conductivity.

at higher measurement temperatu(band dominated con-
ductance regimea large difference occurs between the Hall
and the GMR mobilities, especially in the annealed layer In the as-grown LT GaAs samplggd300, J350, and
grown at 200 °C(sample J200a This sample also exhibited J400 and in the annealed samples grown at higher tempera-
an enormous difference between the Hall and the GMR motures(J350a and J400dhe Hall and the GMR band mobili-
bilities at lower measurement temperatutbspping domi- ties are close to each other and the band magnetoresistance
nated conductance regimes well as a positive sign of the coefficientq,, (0.05-0.7 corresponds to the physical magne-
hopping Hall coefficient Ry;>0), obtained from the fitting toresistance coefficienf in n-type GaAs!! On the other
[see the sign of the hopping parametBy,(oy,)300in Table  hand, the annealed LT GaAs samples grown at temperatures
[]. For the J200a Hall data, the fit suggests thagt-tgpe  below 350°C show remarkable differences between the Hall
region should occur at lower measurement temperatfsess and the GMR band mobilities. For samples J200a, J250a,
Fig. 7). Unfortunately, ngp-type data could be successfully and J300a, band magnetoresistance coefficiggts 112,
measured since in this range the voltage noise measured w2, and 1.6 were obtained from the fitting procedure, respec-
relatively high compared with small Hall effect signal ex- tively. This result can be explained by assuming a mixed
pected. conductivity regime with a significant role of both electrons
The dashed and full lines in Figs. 4—8 are the theoreticaind holes in the band transport. We analyzed the experimen-
fits using both the combined band and hopping conductancil data of the annealed samples grown at lower temperatures
model in the Appendix and the physical and geometricausing a treatment employed previously for semi-insulating
magnetoresistance phenomena described above. The fittibylk GaAs!!®taking into account the intrinsic carrier con-
procedure was applied simultaneously to the temperature deentration by Blakemof& (n,=6.57x10"°m 2 at 400 K
pendences of all the parameters meas@cedductivity, Hall ~and assuming electron and hole Hall scattering factgrs
mobility, and magnetoresistanceAn excellent agreement =1 andr,= 1.5, respectively. For sample J200a, which had
between the experimental data and fitting curves is obtainedhe largesyy,, the analysis yields the following values of the
which corroborates the reliability of the analysis used. A liststandard band parameters at 40QtKis measurement tem-
of the fitted parameters is presented in Table I. perature was chosen because at 400 K the measured param-

IV. DISCUSSION

TABLE |. Band and hopping parameters resulted from the fitting of equation/A&js-(A6) and(2)—(7) to the experimental data.

Band parameters Hopping parameters

(€Rub) 300 Epo (Rubo) 300 (eRyn)~? (Runan)so0 €3 (AplpB?)y,
Sample (m=3) (ev) (m?v-ts™h m o (m=3) (mv~tsh (eV) (9
J300 —2.0x 10'° 0.56 —-0.043 0 0.30 —4Xx 107 —-2x10°% 0.134 9x10°°
J350 —5.4x10'° 0.64 —-0.120 0 0.2 —1x10% —-9%x10°% 0.077 4x1074
J400 —5.1x10* 0.75 —0.450 0.8 <0.05
J200a —1.1x10% 0.75 —-0.013 0.5 112 +1x10'8 +2x1074 0.076 3x1072
J250a —4.9x10% 0.75 —0.048 0.5 6.2 —4x10% —-1x10°% 0.06 2x107°
J300a —3.8x10% 0.75 —-0.091 0.7 1.6 —5x10'8 —1X10°° 0.05 5x 104
J350a —5.0x10% 0.75 —0.160 0.6 0.7 —6x10Y —1X10°5 0.05 6x10°3

J400a —1.3x10% 0.75 —0.423 0.7 0.2
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eters are close to the band opethe electron to hole Hall ping Hall mobility. The magnetoresistance in the hopping
mobility ratio by=12, the electrorin) to hole(p) Hall con-  conductance dominated semiconductors is explained, in gen-
centration ratio cy=0.01 (n=7x10"m"3 and p=7 eral, by an influence of the magnetic field on the wave func-
x10'*m~3), the electron Hall mobility u,,=0.32 tions of the impuritied. Thus it can differ qualitatively from
m?V~1s ! the physical magnetoresistance parametethe one related to the band-like conduction, where the rela-
£=0.6, and the band-gap narrowi'ﬁgAEgE0.0B eV. As tive magnetoresistance is limited mf,,B?. An analysis of
cy<<l1, it indicates thatNa,>(Npp+Np)—N,>0, where the hopping magnetoresistance in the low transverse mag-
Naa (NA) andNpp (Np) are the concentrations of the deep netic field was presented by Mikoshfb@ee also Ref. gand
(shallow acceptors and donors, respectively. Ga vacancieShklovski?* for a simplified model represented by hydro-
Vg, and As antisites As, are usually considered to be deep genic wave functions. According to their formulas, the hop-
acceptor- and donor-like point defects in LT GaAs, ping magnetoresistance is nearly inversely proportional to
respectively’?*®1° Hence, it can be deduced that as thethe donor concentration and to the electron effective mass,
growth temperature increases from 200 to 400 °C, the anand it does not depend on the hopping Hall mobility. How-
nealed LT GaAs layers are gradually changed fiddgy ac-  ever, for a detailed analysis of the hopping magnetoresis-
ceptor dominated to Ag donor dominated. Moreover, in the tance in LT GaAs, the hopping model should be modified
J200a sample the hopping Hall coefficient exhibits the oppotaking into account the hops between deep centers with
site sign (positive and the hopping magnetoresistance pa-ightly bound wave functions.
rameter is considerably higher than those in the other Concerning the transverse-to-longitudinal magnetoresis-
samples(see the hopping parameters in TableThis also  tance ratio, the result obtainéa value of about Ris consis-
confirms the different conductance conditions in the antent with the hopping transport theori%. Mikoshiba
nealed J200a sample with regard to the other ones. pointed out that a longitudinal magnetoresistance appears
The above explanation of large values @f suggests €ven in an isotropic medium of hopping conduction, contrary
that: (i) the sample should be type and(ii) all of the Ag;, 1O the zero magnetoresistance expected for band conddction.
defects should be ionized. The first assumption can be coride obtained a factor of 2 between the transverse and the
sidered to be fulfilled, as the mixed conductivity analysislongitudinal hopping magnetoresistances for cubic crystals.
really givesp>n in sample J200a. The second one seems td\Iso, according to the theory by Bleibauet al. electrons
contradict the results by Liet al,? which indicate that the Which jump in the direction of the magnetic field feel the
concentration of neutral Ag(As2,) always dominates over field less than in the transverse cdse.
the concentration of ionized Ag(Asg,) defects for 200 °C
material, no matter what the annealing temperature. For a
serious analysis of this discrepancy, more detailed informa¥- CONCLUSION
tion should be needed concerning the determination §f,As

+' B -

Asg, andVg, concentrations in annealed LT GaAs. ments have provided new information about the transport

On the other hand, if a single band conductioyp®) is  ronerties of LT GaAs layers. The magnetoresistance effects
assumed, inhomogeneity can come into question to explaify | T Gaas layers can be described considering the concept
the large values offy . Hov_vever, such a large value, as mea- ot compined hopping and band conduction, using the formal-
sured in sample J200a{=112), is unlikely to be obtained s, gnplied previously for bulk semi-insulating GaAs. A sig-
if a contribution of p-type conductance is excluded. It iS nigcant difference is found between the Hall and the GMR
instructive to consider INSb—NiSb material for magnetoresisy ;14 mobilities especially in the annealed sample grown at
tance device$! which contains intentionally introduced in- 540 °c which could be explained by the presence of a mixed
homogeneities1.8 wt. % of conductive NiSb needlesri-  1anq conductivity regime. Moreover, from the analysis it
ented in the direction of the Hall electric field. Even in this ¢510ws that the sign of the hopping Hall coefficient in the
type of material the magnetoresistance coeffic@gncan be  5nnealed samples changes from positive in the sample grown
estimated to be only about 4. Moreqver, if our sar'nples.at 200°C to negative in the samples grown at higher tem-
J200a, J250a, and J300a wergype, their band conductivi- - yera1res. The hopping magnetoresistaiaeger by several
ties would be higher than the near intrinsic values measureq; jors of magnitude thap2,B2) as well as the transverse-

The mixed-conductivity model seems to be more accepty, jongitudinal magnetoresistance ratio of abou(pBtained
able than the |nhomoge_ne_|ty-based one as it explains bettﬁrom the experimentare consistent with hopping conduction
the large values af, . This is also supported by the fact that 1o 4rjes. For a detailed analysis of the hopping magnetore-

the electrical prop_erties of samples 200a, JZSOa_, _and Jsogﬁ’stance in LT GaAs, the simple hopping model should be
are comparable with those of Cr-doped bulk semi-insulating,ified in order to take into account the presence of the
GaAs, which exhibit a mixed-conductivity regiri& How- deep-level defects.

ever, a special type of combined conductivity, with potential
fluctuations due to inhomogeneous distribution of deep
defecté® by alternating Ag; and Vgydominated regions,  ckNOWLEDGMENTS
can also come into consideration.

The hopping magnetoresistance parametep/pyB?);, The authors thank Dr. M. M&® and Dr. J. Darmo for
obtained from the experimental data analySigble |) is  helpful discussions. This work was partially supported by
markedly higher than the square of the corresponding hopSrant No. 2/4059/98 from the Slovak Grant Agency VEGA.

Temperature dependent magnetoresistance measure-
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fects, ande; is the activation energy of the hopping Hall ~ - ""VN&% -, BEO, and s, VIEnsky, In semrinsuiating -y Viateriais

s . . (Evian 1982, edited by S. Makram-Ebeid and B. TutRhiva, Nantwich,
mobility,* the subscript 300 is for room temperature values 1982, p. 139. Y

(T=300K). 2B, Pistoulet, P. Girard, and G. Hamamdjian, J. Appl. PB6&. 2268
(1984).

1See e.g., review in M. Missous, Mater. Sci. Eng.4% 304 (1997. 24B. I. Shklovskii, Fiz. Tekh. PoluprovodriSt.-Peterburg6, 1197 (1972,

2D. C. Look, J. Appl. Phys74, 306 (1993. in Russian.

3J. Betko, M. Morvic, J. Notie, A. Forster, and P. KordgsAppl. Phys.  2°D. C. Look, D. C. Walters, M. O. Manasreh, J. R. Sizelove, and C. E.
Lett. 69, 2563(1996. Stutz, Phys. Rev. B2, 3578(1990.



