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The magnetotransport properties of GaAs-GaAlAs multiple quantum well structures, with 
widths of the quantum wells L,=33-66 A, have been investigated over a wide temperature and 
field range. The variation of the electron mobility with L, (and temperature) can be accounted 
for by interface roughness scattering. A negative magnetoresistance was observed. An analysis 
within the theory of weak localization allowed us to evaluate the relaxation time of the phase of 
the electronic wave function and its temperature dependence rP( T). Measurements in 
high-magnetic fields (up to 40 T) at T=4.2 K revealed pronounced Shubnikov-de Haas 
oscillations and the quantum Hall effect. 

1. INTRODUCTION 

Artificial semiconductor superlattices are composed of 
a periodic sequence of crystalline layers of alternating com- 
position (GaAs-GaAlAs) or of alternating doping (n-Si/ 
p-Si), or of a combination of both (see, e.g., Ref. 1). The 
interest in artificial superlattices finds its origin in a one- 
dimensional periodic potential, induced by a periodic vari- 
ation of either impurities or alloy composition, with a pe- 
riod shorter than the electron mean-free path. The 
predicted peculiarities of the optical and transport phe- 
nomena arise from a splitting of the conduction and va- 
lence bands into narrow minibands. 

One of the important and suitable manners to grow 
artificial semiconductor superlattices is molecular beam ep- 
itaxy (MBE). The most famous structure consists of alter- 
nating layers of GaAs and Gal-&l&s with x ranging 
from 0.15 to 0.35 and periods ranging from 50 to 250 A. By 
modulation doping in GaAs-Ga, -,A&& superlattices, 
their physical properties are considerably modified, and the 
interesting physical phenomena are extended to, e.g., quan- 
tum Hall effect (QHE) and quantum corrections to the 
conductivity. 

In the past years the high sensitivity2A of 
GaAs-Gal -fil+As superlattices and multiple quantum 
well (MQW) structures in the infrared spectral range 8-14 
pm has attracted much attention. The physical properties 
of superlattices and MQW structures are governed by elec- 
tron scattering processes. The electron mobility in super- 
lattices may be connected with mechanisms like charge 
impurity scattering, interface roughness scattering, etc. 
The electron scattering mechanism may be investigated by 
optical or galvanomagnetic techniques. For instance, pho- 
toluminescence spectroscopy revealed that in doped super- 
lattices the linewidth is large than in undoped superlattices. 
In this paper we report on a study of the galvanomagnetic 
properties of GaAs-Gal -AlAs multiple quantum well 

structures. The experiments have been carried out in the 
temperature interval 4.2 K < T -=z 300 K and in magnetic 
fields up to 40 T. 

II. EXPERIMENT 

GaAs-Gal-&.,& MQW structures were grown by 
MBE. The sample structure is shown schematically in Fig. 
1. Fifty periodic layers of GaAs (width L,=33-66 A) and 
Gal-,Al& (x=0.3, width 254 A) were prepared. The 
quantum wells were doped with Si up to a concentration of 
2X 10” cmm3. The structure was separated from a 
GaAs( Cr) substrate by an i-Gal-,Al,As buffer (width 1 
pm). All structures were covered by a contact layer of 
n-GaAs (width 200 A). Double Hall bridges (channel 
width 150 pm) were prepared for measurements in a mag- 
netic field. 

The conductivity was measured in the temperature in- 
terval 4.2-300 K, and the Hall effect and the magnetore- 
sistance were measured in the temperature interval 4.2-100 
K, using standard techniques. Magnetic fields up to 6 T 
were produced by a superconducting solenoid. A part of 
the experiments have been performed in the High Field 
Magnet of the University of Amsterdam.5 This long-pulse 
magnet is capable of reaching fields up to 40 T with a total 
pulse duration of 1 s. 

III. RESULTS 

Samples with different well widths (L,) were investi- 
gated. In Table I we have listed some typical parameters of 
the measured samples (labeled No. 1, No. 2, and No. 3). 
Note that the electron concentration (n) is given per quan- 
tum well. The conducting layer (n-GaAs, width 200 A) 
was excluded in the calculations. The semiwidth of the 
photoluminescence peak (SE) at T =4.2 K amounts to 
15-21 meV for the doped and to 4-5 meV for the undoped 
structures with identical geometrical parameters. 

J. Appl. Phys. 75 (4), 15 February 1994 0021-8979/94/75(4)/2081/5/$6.00 @  1994 American Institute of Physics 2081 

Downloaded 23 Nov 2006 to 145.18.109.191. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



FIG. 1. Schematic structure of the GaAs-Ga,- 
The well width L, varies between 33 and 66 a” 

lps samples (x=0.3). I 
. 

The temperature variation of the sheet conductivity 
o&T) per quantum well is shown in Fig. 2. For all the 
samples the conductivity decreases with decreasing tem- 
perature. For T <20 K crg( T) a In T. The electron mo- 
bility (p) increases for increasing L, (see Table I). 

The transverse magnetoresistance (pXX) is negative at 
low temperatures (B < 6 T). It has the following charac- 
teristics: (i) pXX ar B2 up to -0.1 T, (ii) the field range of 
the B2 dependence is reduced by decreasing the tempera- 
ture, and (iii) for fields larger than 0.4, 0.2, and 0.06 T for 
samples No. 1, No. 2, and No. 3, respectively, we find 
pX.cc In B, up to the maximal field value (6 T). In Fig. 3 
we show the relative change of the conductivity with field, 
[a(B) -a(O)]/o(O), plotted versus ln B, at different tem- 
peratures. For. T > 150-200 K the magnetoresistance be- 
comes positive and varies as B2. 

Hall-effect measurements showed that the electron 
concentration is independent of temperature for all three 
samples (see Fig. 4). This implies that ‘T( T) is dominated 
by p(T). The variation of ,u with temperature is shown in 
Fig. 5. 

In spite of the low mobilities of our samples we ob- 
served the QHE, albeit in very high-magnetic fields. In 
Figs. 6 and 7 we show the transverse magnetoresistance 
px,( B) and the Hall resistance pXX( B) at T=4.2 K for 
two samples (No. 1 and No. 3). From these figures it can 
be concluded that all the parallel connected quantum wells 
exhibit almost the same electron density in the populated 
ground subband, which results in one observable period of 
Shubnikov-de Haas (SdH) oscillations. The pXu plateaus, 

0 
0 50 100 150 200 250 300 

T (K) 

FIG. 2. Sheet conductivity vs temperature for samples No. l(0 1, No. 2 
(El), and No. 3 (0). 

which are most sensitive to inhomogeneities, show only 
weak additional structures in the case of sample No. 3. The 
electron concentration evaluated from the SdH signal is 
almost the same as the one calculated from the Hall effect. 

IV. ANALYSIS AND DiSCUSSION 

The electron mobility ,U of the studied samples rapidly 
decreases when the width of the quantum well decreases. 
In Fig. 8 we show the dependence of p on L, in a double 
logarithmic plot. Our data are in good agreement with the 
results obtained in Ref. 6. In Ref. 7 it was proposed that in 
thin quantum wells (L, < 60 A) interface roughness scat- 
tering is the dominant scattering mechanism. In that case 
the electron mobility is proportional to L6, and depends on 
the lateral roughness width A and height A in the following 
way: 

L6 
~=&g(“‘n,T), (1) 

where g(h,n,T) is a smooth function of temperature T, 
electron concentration n, and the parameter A. We have 
evaluated ,U ( T) for the cases of dominant charge impurity 
scattering (because the quantum wells are doped) and 
dominant interface roughness scattering. The effect of im- 
purity scattering has been calculated using the equations of 
Ref. 8. However, the calculated mobilities are about one 
order of magnitude higher than the experimental values 
and moreover exhibit a different temperature dependence. 
In order to calculate the effect of the second mechanism we 

TABLE I. Well width (L,), Fermi energy (EF), electron concentration per well (n), coefticient of diffusion 
( D), mobility (/*), semiwidth of the photoluminescence peak (MC), and fluctuation energy of the ground- 
state in the quantum welt (6Ec) for samples No. 1, No. 2, and No. 3 at T=4.2 K. 

No. 
EF P D 6E 

L, (A) 
WI 

(mev) (cm’/V s) (cm’/s) WV) WV) 

1 33 23 6.5 260 .7.2 21 30 
2 44 15 4.3 480 8.8 13 16 
3 66 92 25.7 860 47 15 7 
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FIG. 4. Electron concentration per well vs temperature for samples No. 
1 (O), No. 2 (Cl), and No. 3 (0). Dashed lines are a guide to the eye. 
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FIG. 3. Relative change of the conductivity versus magnetic field (on a 
logarithmic scale). (a) Sample No. 1 at’ (1) 4.2 K, (2) 5.5 K, (3) 10. 6 
K, (4) 51.5 K, (5) 81.5 K, and (6) 138 K. (b) Sample No. 2 at (1) 4.2 
K, (2) 20.2 K, and (3) 51.8 K. (c) Sample No. 3 at (1) 4.2 K, (2) 9.3 
K, (3) 20.5 K, (4) 43 K, and (5) 69.5 K. The solid lines represent fits to 
Eq. (3). 

used Eq. ( 1) and compared the theoretical curves to the 
data points using A and A as fitting parameters. The results 
of this fitting procedure are shown in Fig. 8 for samples 
No. 1 and No. 2. Good agreement is observed for A equal 
to 2.83 A, while A equals 130 and 100 A for samples No. 
1 and No. 2, respectively. For sample No. 3 the fitting 
procedure is not adequate, which suggests that it is neces- 
sary to take into account also impurity scattering. How- 
ever, this is a much more complicated task. Recently, also 
for AlAs/GaAs quantum wells the observed variation of ,u 
with temperature was attributed to a dominant interface 
roughness scattering mechanism.g 

Having established the temperature and field depen- 
dence of the conductivity of our samples (Figs. 2 and 3)) 
we next are able to determine some electronic parameters 
of the samples, e.g., the relaxation time of the phase of the 
electron wave function, rP. The value of re, depends on 
electron-electron and/or electron-phonon relaxation. The 
relationship between r+, and the other characteristic times 
such as the average time between inelastic collisions (qn) 
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FIG. 5. Mobility vs temperature for samples No. l(0 ), No. 2 (O), and 
No. 3 (0). The solid lines represent JL( T) calculated with Eq. ( l), with 
parameters A= 130 8, and A=2.83 A for sample No. 1, and A= 100 A 
and A=2.83 A for sample No. 2. 

and the energy relaxation time (7J was calculated in Refs. 
10 and 11. 

The experimental results, i.e., the decrease of a(T) 
with decreasing temperature and the negative magnetore- 
sistance, which varies as B2 in the low-field range and as 
ln B in the high-field range, may be fully described by the 
theory of quantum corrections to the conductivity for the 
two-dimensional (2D) case,t513 which is valid for 
hJW+ 

The conductivity Aa( 7’) in zero magnetic field of 2D 
disordered systems, due to weak localization and electron- 
electron interaction effects, is given by”*” 

=[B+d14)+yl (2) 

where p is the exponent of the temperature dependence of 
rV, which is expressed as 

r,=aT-P. (3) 

0 
0 10 20 

B (T) 

FIG. 6. Shubnikov-de Haas oscillations (p,) and quantum Hall effect 
(p,J at T=4.2 K for sample No. 1. 
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FIG. 7. Shubnikov-de Haas oscillations (p,) and quantum Hall effect 
( pxv) at T=4.2 K for sample No. 3. 

For electron-electron interaction in weakly disordered met- 
als it was found that p=d/2, in contrast with the result 
p = 2 predicted for the clean limit whatever the dimension- 
ality of the system is. For electron-phonon scattering p 
ranges between 2 and 4 in the dirty limit at low tempera- 
tures. The coefficient fi represents the Maki-Thompson 
correction to the conductivity. The strength of the 
electron-electron interaction contribution is given by 7, 
where y which is a measure of the screening by other 
charge carriers, has a value close to 1 in the limit of weak 
screening. 

The correction to the sheet conductivity a, in a mag- 
netic field B has the formI 

e2 
a(B) -a(O) ==+ij (1 --B)fi , (4) 

IO5 
1 

z 105 

5 
s 103r 

1 
t 

1o’-oV 1000 

L,dI 

FIG. 8. Mobility vs well width on a double logarithmic scale. Open 
circles from this work and closed circles from Ref. 6. The solid Iines 
correspond to calculations with the lateral roughness width ( 1) A-50 A 
and (2) A=70 8, (after Ref. 7). 
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FIG. 9. Relaxation time of the phase of the electron wave function vs l/T 
for samples No. l(O), No. 2 (0), and No. 3 (0). 

where the function fi describes the localization and D is 
the carrier diffusion coefficient. For x<( 1 fr(x) =x2/24 
and for x, 1 f2(x) zln(x). According to Refs. 14 and 15, 
Eq. (4) is valid only when the magnetic length 
IB= (6q~,,/eB)“~ is larger than the mean-free path 1. For 
the investigated samples with a mobility p < 860 cm2/v s it 
is possible to use Eq. (4) in the applied field range. The 
magnetic field dependence of y is significant only in high- 
magnetic fields (gp,B/k$‘> 1) and at low temperatures; 
and hence is neglected. Making use of the relation 

(5) 

we obtain the values of D for the degenerate electron gas as 
listed in Table I. Using rq as a fitting parameter in Eq. (4), 
we next compare the theoretical curves to the experimental 
negative magnetoresistance (see Fig. 2, solid lines). The 
values of rP evaluated from this fitting procedure are plot- 
ted versus reciprocal temperature in Fig. 9. The linear de- 
pendence of 70 on l/T reveals that Eq. (3) is obeyed for 
p= 1. This value of p corresponds to dominant electron- 
electron interaction in the 2D MQW structures. 

V. CONCLUSIONS 

Magnetotransport measurements of GaAs-GaAlAs 
multiple quantum well structures have been performed 
over a wide temperature and field range. By analyzing the 
data within the existing theoretical frameworks a number 
of interesting conclusions can be drawn. In narrow quan- 
tum wells ( L,= 33-66 A) interface roughness scattering is 
the dominant scattering mechanism, even in the case of 
doped quantum wells. Quantum corrections to the conduc- 
tivity for the 2D case play an important role in the expla- 
nation of the ‘magnetotransport pro&&ties of the MQW 
structures. The experimental results indicate a strong 
electron-electron interaction. Besides, the -QHE was ob- 
served in high-magnetic fields for very low mobility sam- 
ples. The QHE reveals that all the parallel connected quan- 
tum wells exhibit almost the same electron density in the 
populated ground subbands. The pXu plateaus, which are 
very sensitive to inhomogeneities, show only weak addi- 
tional structures. 
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