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The temperature dependence of the conductivity, negative magnetoresistance, Shubnikov-de 
Haas effect, and quantum Hall effect in modulation-doped and &doped GaAs/GaAlAs 
multiquantum well structures have been investigated in the temperature range 0.39 < T < 300 
K. The dependences of the mobility on the quantum-well width, the distance from the 
6 layer to the quantum well, and the temperature have been determined and attributed to the 
interface-roughness scattering of electrons on the lateral surfaces of the quantum wells. 
The phase relaxation time 7, of the electronic wave function and its temperature dependence 
have been determined by analyzing the negative magnetoresistance according to the 
theory of quantum corrections to the conductivity for the two-dimensional case. It has been 
shown that the concentration of two-dimensional electrons in narrow quantum wells 
and their mobility are higher in the 6-doped structures than in the modulation-doped quantum 
wells. 

1. INTRODUCTION 

Doped superlattices and systems of quantum wells 
have been the subject of fervent theoretical and experimen- 
tal in~esti~ations."~ Single quantum wells and multiquan- 
tum well (MQW) systems are exceptionally convenient 
objects for investigating the relaxation mechanisms of two- 
dimensional ( 2 0 )  electrons and the features of their inter- 
action with excitations of various kinds and with crystal- 
lattice Advances in molecular-beam epitaxy have 
made it possible to obtain MQW systems with widely vari- 
able parameters. This method can be used to obtain sharp 
interfaces and fairly smooth surfaces. Historically, atten- 
tion was first focused on superlattices by predictions of 
anomalous transport properties, particularly a negative dif- 
ferential conductivity. However, significant progress was 
subsequently achieved in the study and utilization of the 
optical properties of semiconductor superlattices and 
MQW systems. One of the promising practical outcomes 
has been the creation of IR photodetectors for the 8-14 pm 
wavelength range on the basis of superlattices and MQW 
 system^.^ The photoelectric characteristics of such devices 
are largely determined by the perfection of the structure, 
and any lattice imperfections (whether regular or random) 
can serve as recombination channels, which lower the 
quantum efficiency and worsen the noise characteristics. 
The doping method selected for creating 2 0  electrons in a 
quantum well is an important issue. Modulation doping of 
a quantum well (GaAs in a GaAs/AlGaAs system) by a 
donor impurity is associated with roughening of the 
GaAs(Si)/AlGaAs interface as a result of partial doping 
of the barrier layers by the diffusion of silicon, as well as 
fluctuations in the ground state energy due to the potential 
of the impurity atoms. In addition, there is a channel for a 
dark current along the impurity states (when there is weak 
overlapping of the electronic wave functions) or by means 
of hopping conduction (when the quantum wells are ade- 

quately spaced). These problems can be eliminated by 
6-doping the AlGaAs layers with silicon. In this case the 
ionized impurities are spatially separated from the con- 
ducting channel by a spacing analog, which should have a 
significant influence on the transport phenomena. 

The mechanism of the scattering of charge carriers in 
MQW systems can be studied by both optical and galva- 
nomagnetic methods. In particular, investigations of pho- 
toluminescence spectra have shown that the lines broaden 
upon doping. The perfection of the interfaces, especially in 
narrow quantum wells, the distribution of ionized impuri- 
ties, and other such factors should play a significant role in 
the scattering of electrons. 

The aims of the present research were to study low- 
temperature transport in GaAs/Gal -Al,.&s(G-Si) MQW 
systems with a 6-doped barrier and different distances from 
the 6 layer to the well boundary, as well as to compare 
their electrophysical properties with a GaAs(Si)/GaAlAs 
MQW system with direct modulation doping of the quan- 
tum wells. 

2. SAMPLES AND MEASUREMENT METHOD 

Two series of MQW structures grown by molecular- 
beam epitaxy were investigated. The MQW's of the first 
type were structures consisting of 50 periods of 
i-AlxGa1-fis barriers (x=0.30) with a thickness of 25.4 
nm and quantum wells with a width Lw=3.3-6.6 nm, 
which were modulation-doped by silicon to the 2X 10" 
cmP3 level. In the samples of the second type a 6 layer of 
silicon was grown in the i-AlxGal - A s  barrier of each pe- 
riod at a distance L8=3.0-7.4 nm from the heterointer- 
face. The width of the quantum wells was 5.1 nm, and the 
width of the barrier was 25 nm. The MQW structures 
were separated from the GaAs(Cr) substrate by an 
i-AlXGal-As buffer layer with a thickness of 1 pm and 
had n+-GaAs contact layers, which are needed to employ 
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FIG. 1. Diagram of 6-doped MQW structures. 

I. 
1. 

these structures as photodetectors. It seemed important to 
investigate the features of electron scattering specifically 
in the structures with contact layers, which are em- 
ployed directly as photodetectors. The choice of the 
GaAs-Gal -filfis(S-Si) MQW system with L w= 5.1 nm 
for the investigation was governed by the fact that when 
x =0.3 the excitation of 2 D electrons from the dimensional 
quantization level upon vertical transport corresponds to 
8-12 pm radiation. A value in the range L ,  < 6 nm is the 
cut-off value separating narrow and broad quantum wells 
with different electron scattering rne~hanisms,~,~ which will 
be discussed in greater detail below. 

A schematic representation of the structure of the 
&doped samples is shown in Fig. 1. The samples for the 
measurements were prepared in the form of a double Hall 
bridge with a channel width of 150 pm. The temperature 
dependence of the conductivity in the 0.39-300 K temper- 
ature range, as well as the Hall effect and the transverse 
magnetoresistance in the 0.39-25 K range, were measured. 
Some parameters of the samples investigated are presented 
in Table I. The concentrations of 2 0  electrons per quan- 
tum well are indicated. The contact layers could be ex- 
cluded from the calculations of the concentrations and 
Fermi energies of the 2 D electrons in all the samples, since 

TABLE I. Parameters of samples at T=4.2 K. 
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FIG. 2. Typical photoluminescence spectra of MQW structures with 
&doped barriers (curve I, sample N3) and modulation-doped barriers 
(curve 2, sample N7). 

the electron concentrations and mobilities in these layers 
were measured. Table I gives the integral values of the 
mobility from the Hall effect for samples 1-4 and the mo- 
bilities of 2 0  electrons for samples 5-8. Magnetic fields 
with strengths up to 8 T were created with the aid of a 
hot-field superconducting solenoid. Magnetic fields with 
strengths up to 40 T were obtained with the aid of the 
system for producing quasi-stationary magnetic fields of 
Amsterdam University (the pulse duration was as long as 
2 s . ~  An ~e~ vapor pumping system was used to obtain 
temperatures down to 0.39 K. 

3. MEASUREMENT RESULTS 

The structural perfection of the MQW samples was 
quite good, the half-width of the photoluminescence spec- 
trum at T =4.2 K being 13-21 meV for the modulation- 
doped samples (Fig. 2). 

The MQW systems exhibited highly nonlinear current- 
voltage characteristics. The dependence of the conductivity 
on the electric field E contains segments which can be 

Note: 1 4 4 - d o p e d  samples; 5-8- modulation-doped samples. L, is the well width, 
Lg is the distance from the 6 layer to the heterointerface, EF is the Fermi energy, D 
is the diffusion coefficient, p is the mobility, 6E is the half-width of the photolumi- 
nescence peak, 6Eo is the fluctuation of the ground-state energy in a quantum well, 
and n, is the electron concentration in one quantum well. 
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approximated by the expression a= ao( 1 +@*E'). The val- 
ues of are presented in Table I. They differ from the 
values known for 2 0  electrons in heterojunctions,' but are 
very close to the values in an Si-Si02 system with strong 
manifestations of localization effects8 

Figure 3 presents plots of the temperature dependence 
of the conductivity per square for some MQW structures. 
The numbers on the curves correspond to the numbers of 
the samples in Table I. The conductivity of all the MQW 
systems decreases as the temperature decreases from room 
temperature to 4.2 K. At temperatures below 20 K the 
dependence of a (  T )  is approximated well by a logarithmic 
temperature dependence. The conductivity of the 
modulation-doped samples (the dependence for sample 8 is 
presented in Fig. 3 as an example) is lower than the con- 
ductivity of the &doped samples. The temperature depen- 
dence of the conductivity has a smaller slope in the case of 
the 6-doped samples. The mobility in the modulation- 
doped samples increases with the well width. A tendency 
for an increase in the mobility with increasing distance L6 
from the 6 layer to the heterointerface can be traced for the 
6-doped samples. 

At low temperatures all the samples exhibit a negative 
magnetoresistance, which is quadratic in weak magnetic 
fields and logarithmically dependent on the magnetic field 
strength in strong fields. As the temperature rises, the 
range with a quadratic dependence of the negative magne- 
toresistance on the magnetic field broadens, the magnetic 
field strength at the onset of the logarithmic dependence 
increases, and the absolute value of the negative magne- 
toresistance decreases. Figure 4 presents plots of the de- 
pendence of the relative change in conductivity on the 
magnetic field strength for samples 3 and 4 at various tem- 
peratures. At higher temperatures the magnetoresistance 
becomes positive and exhibits a quadratic dependence on 
the magnetic field. An investigation of the Hall effect 
showed that the concentration of 2D electrons in both the 
GaAs/AlGaAs ( 6-Si ) and GaAs ( Si ) /AlGaAs structures is 
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nearly independent of the temperature in the temperature 
range investigated. The absolute value of the negative mag- 
netoresistance is greater in the modulation-doped samples. 
Figure 5 presents the relative changes in conductivity 
in a magnetic field for the 6-doped (curves 2-4) and 
modulation-doped (curves 5 and 8) samples. 

At low temperature all the samples exhibited the 
Shubnikov-de Haas effect and the quantum Hall effect. 
Figure 6(a) presents the oscillations of the transverse mag- 
netoresistance p, in sample 1 at T=0.4 K, and Fig. 7(a) 
presents the oscillations of p, and of the Hall resistance 
p, in sample 3 at T=4.2 K. One special feature of these 
oscillations is the presence of two frequencies in the spec- 
trum. This phenomenon is attributed to the fact that oscil- 
lations are observed not only from the 2 0  electrons, but 
also from the contact layers, which are clearly distinguish- 
able upon Fourier transformation [see local maximum 1 in 
Figs. 6(b) and 7(b)]. The electron concentration in the 
contact layers was thus determined. 

FIG. 3. Temperature dependence of the conductivity 
per square. The numbers on the curves correspond to 
the numbers of the samples in Table I. 

4. DISCUSSION OF RESULTS 

One significant difference between the two doping 
methods is the greater structural perfection of the &doped 
samples, as is evidenced by the smaller width of the pho- 
toluminescence spectra (see Fig. 2 and Table I).  The elec- 
tron concentration and mobility are greater in the 6-doped 
MQW systems. 

The electron mobility in the samples investigated in- 
creases fairly rapidly as the quantum-well width increases. 

A model of the interface-roughness (IFR) scattering 
of electrons on the lateral surfaces of quantum wells was 
proposed in Ref. 3 to understand and explain the decrease 
in mobility observed as the well width decreases. The elec- 
tron mobility in quantum wells and its dependence on the 
well width can be calculated n u m e r i ~ a l l ~ . ~ ~ ~ ~ ~ " ~  As follows 
from the data presented, our results are described well by 
the IFR scattering of electrons in quantum wells. Confir- 
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FIG. 4. Dependence of the reduced conductivity on 
the magnetic field for samples 3(a) and 4(b) at var- 
ious temperatures T, K. a: 1 )  4.2; 2)  10; 3) 17. b: 1 )  
4.2; 2) 10; 3 )  17. The points represent experimental 
values, and the solid lines represent values calculated 
from Eq. (5). Go= 1.23. lo-' WL. 

A 

A FIG. 5. Relative change in the conductivity of sam- 
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FIG. 6. Shubnikovde Haas oscillations of p, in sample 1 at T=0.4 K 
(a) and their Fourier transform (b): 1 )  oscillations from the contact 
layers; 2) 2 D electrons. 

mation of the predominance of this scattering mechanism 
is provided by the temperature dependences of the mobility 
calculated for modulation-doped GaAs ( Si ) /AlGaAs 
quantum wells in Ref. 10. In the present study we calcu- 
lated the temperature dependences of the mobility for 
&doped GaAs/AlGaAs(S-Si) MQW structures with pre- 
dominant scattering of the charge camers on ionized im- 
purities and with predominant IFR scattering. In the 
former case we used the calculation procedure published in 
Ref. 7. The mobility values obtained were approximately 
an order of magnitude higher than the experimental values 
and exhibited a different temperature dependence. In the 
latter case the mobility is given by the e ~ ~ r e s s i o n ~ ' ~  

where g(A,T,n) is a smooth function of the lateral size of 
the quantum-well roughness A, the temperature T, and the 
concentration of charge carriers n. The mobility calculated 
from Eq. (1) is strongly dependent on the well width, in 
good agreement with the experimental results (see Table 
I).  The calculated temperature dependences of the mobil- 
ity can be fitted to the experimental plots by varying the 
height and lateral size of the roughness. The values of the 
mobility p= R,a listed in Table I for S-doped samples 1-4 
were obtained from experimental values of the conductiv- 
ity a and the Hall coefficient R,. To compare the experi- 
mental data with theory, the values of the mobility and the 

concentration nl of 2 0  electrons in the quantum wells 
were calculated from the Shubnikov-de Haas oscillations. 
The procedure used to perform such calculations was de- 
scribed in Refs. 11 and 12. It involves Fourier transforma- 
tion, separation of the frequencies, and the performance of 
inverse Fourier transformation for each frequency. After 
inverse transformation, the oscillations have a single fre- 
quency, and the mobility is easily determined from them. 
The values of p,,, for the 2 D electrons thus determined are 
presented in Table 11. We note that there is no fine struc- 
tureon the plateau of the quantum Hall effect for the Sam- 
ples investigated (see Figs. 6 and 7) and that the oscilla- 
tions from the 2 0  electrons are monochromatic, attesting 
to the identical nature of the 50 quantum wells grown. The 
mobility under the assumption of IFR scattering was cal- 
culated for samples 3 and 4. The best agreement with the 
experimental plots of the temperature dependence of the 
mobility was obtained for a roughness height A=2.83 A 
(which corresponds to the height of a single layer) and 
A = 1 1 nm (sample 3) or A= 15 nm (sample 4). Accord- 
ing to the photoluminescence data, the half-width SE of 
the ground-state emission line of undoped samples with the 
same parameters (analogs of the doped samples) at 4.2 K 
was ~5 meV, which corresponds to the roughness height 
and lateral size obtained from fitting the dependences of 
p (T) .  The fluctuations of the ground-state energy in a 
quantum well SEo caused by the interface roughness and 
the values of SE for the samples investigated are listed in 
Table I. The two sets of values are in good agreement. 

Analysis of the temperature dependences of the con- 
ductivity (see Fig. 3) and of the negative magnetoresis- 
tance (see Fig. 4) provides a method for determining the 
characteristic relaxation times of the charge carriers, par- 
ticularly the phase relaxation time r, of the wave function 
due to quasi-elastic electron scattering. The value of r, is 
determined by electron-electron or electron-phonon inter- 
actions (we shall not consider the inelastic times associated 
with spin-flip scattering or with intervalley scattering). 
The relationship of r, to the characteristic time of inelastic 
collisions and the energy relaxation time was examined in 
Refs. 13 and 14. 

At low temperatures the logarithmic increase in resis- 
tance observed as the temperature is lowered and the neg- 
ative magnetoresistance, which is quadratic in weak and 
logarithmic in strong magnetic fields, are accurately de- 
scribed by the theory of quantum corrections to the con- 
ductivity for the two-dimensional case,13-l5 which holds in 
the degeneracy region, i.e., when EF> kT.  When the tem- 
perature is varied, the conductivity a then varies according 
to the law 

The coefficient A in the logarithmic temperature depen- 
dence of the conductivity is determined by both the weak 
localization and the electron-phonon interaction: 
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FIG. 7. Shubnikov-de Haas oscillations of p, and the Hall 
resistance p,,, of sample 3 at T=4.2 K (a) and their Fourier 
transform (b). 1) oscillations from the contact layers, 2) from 
2 0  electrons. Plots of p, and p,, in weak magnetic fields are 
given in the insert. 

where p is the exponent in the dependence of 7, on the where D is the diffusion coefficient, f 2 ( x )  has asymptotes 
temperature'3914 equal to x2/24 at x < 1 and to In x  at x% 1 .  15'16 The coeffi- 

7, = a T-P (4) cient /3 takes into account the Maki-Thompson correction 
associated with scattering on superconducting fluctuations. 

and A is the electron-electron interaction constant in the As was shown in 17, dependence ( 5 )  holds as long as 
diffusion channel. the magnetic length Ig= ( W e B )  is greater than the free 

The variation of the conductivity in a magnetic field is 
described by the equation 

path I of the electrons. In the samples investigated in the 
present work the electron mobility is not very high, per- 

e2 mitting the employment of Eq. (5) in the magnetic fields 
d B )  - d o )  =pfi ( 1 - P ) f 2  ( 5 )  used in the present study for the calculations ( B  < 1 T). A 

TABLE 11. Some parameters of the 2 0  electrons in samples 3 and 4 at T=4.2 K. 

Here EF is the Fermi energy, n, is the concentration of 2 0  electrons, pexp 
and pd, are the experimental and calculated values of the mobility, Elexp 
and Eld, are the experimental and calculated values of the optical tran- 
sition energy, and A is the lateral size of the roughness. 
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TABLE 111. Temperature depen- 
dence of T~ for samples 3 and 4. 

T,, 10- sec 

magnetic field disrupts weak localization and suppresses 
the corresponding contribution to (5). A dependence of A 
on the magnetic field should be displayed when 
gpBB/kT > 1 (p, is the Bohr magneton); therefore, this 
dependence may be disregarded in our case at low temper- 
atures. The contributions from weak localization and the 
electron4ectron interaction can generally be separated, as 
was done for a 2 0  electron gas at ultralow temperatures in 
Ref. 18. An analysis of the experimental data can be per- 
formed without taking into account the quantum correc- 
tion associated with the interaction of electrons in the Coo- 
per channel,13 making it possible to fully describe the 
galvanomagnetic phenomena in a 2 0  electron gas.19 Use of 
the Einstein formula for a degenerate electron gas 

and the values of the mobility of 2 D electrons in the frame- 
work of the assumptions made gives the values of the dif- 
fusion coefficient in Table I. Then the negative magnetore- 
sistance can be fitted to the experimental data in Fig. 4, 
using T, as a parameter in (5). The result of such treat- 
ment is illustrated by the solid lines in Fig. 4. The temper- 
ature dependence of T, can hence be obtained. It is pre- 
sented in Table 111. As follows from our data, T,(T) is 
described well by Eq. (4) withp= 1 in both types of MQW 
structures. This means that the main phase relaxation 
mechanism in the systems investigated at low temperatures 
is based on electron+lectron collisions with small energy 
transfer.*' The value of T, depends on the quantum-well 
width Lw,  increasing with increasing L w  in both the 
GaAs/GaAlAs(S-Si) and GaAs(Si)/GaAlAs structures. 

An investigation of the features of the Shubnikov-de 
Haas oscillations of the Bdoped MQW systems reveals 
that we are dealing with a system in which only the lowest- 
lying subband is filled. We calculated the band diagram of 
the Bdoped structures. A pair of adjacent quantum wells 
formed in S-Si and GaAs was regarded as a single 
quantum-mechanical system in the calculation. Such a 
treatment was performed in view of the fact that Lg is 
smaller than the Bohr radius of the electron in the impurity 
in GaAlAs. The calculation was based on self-consistent 
solution of the Schrijdinger and Poisson equations using 
the procedure published in Ref. 21. The concentration of 
donors (Si) in the plane of the S layer needed for the 
calculation was set equal to the two-dimensional concen- 
tration of charge carriers nl in a single filled subband ob- 
tained from the Shubnikov-de Haas oscillations. The band 
diagram was calculated for T=4.2 K with a boundary 

FIG. 8. Typical energy band diagram of the periodically repeated portion 
of 6-doped structure N3. The dashed line corresponds to the level of the 
chemical potential. E, is the bottom of the conduction band, and E, is the 
top of the valence band. A profile of the normalized wave function of the 
electronic ground state is shown. The El-HH1 transition with an energy 
EH1, which is observed in the photoluminescence spectra, is indicated by 
the arrow. 

band offset parameter equal to 0.6 and a quadratic disper- 
sion law. The band diagram thus obtained for sample N3 is 
presented in Fig. 8. 

According to the calculation, at an electron concentra- 
tion n1 < 1012 cmP2, only one subband is filled in the sys- 
tem of coupled quantum wells formed by the GaAs and 
S(Si) layers. The wave function corresponding to this sub- 
band is localized in the GaAs layer. 

The photoluminescence spectra of the structures inves- 
tigated exhibit El-HHl transitions, which are caused by 
the recombination of free carriers, viz., an electron and a 
heavy hole. The empirical transition energy El ,,* is close 
to the calculated value El ,,,, (see Fig. 8 and Table 11). The 
half-width of the photoluminescence spectra falls in the 
5-9 meV range, which corresponds to fluctuations of the 
ground-state energy caused by a change in the quantum- 
well width Lw=5.1 nm by one monolayer due to the is- 
land character of the heterointerface. 

5. CONCLUSIONS 

Thus, the body of experimental data allows us to con- 
clude that the dependences of the electron mobility in the 
GaAs/GaAlAs MQW systems investigated on the well 
width and the temperature at low temperatures may be 
attributed to the interface-roughness scattering of electrons 
regardless of the doping method. The galvanomagnetic 
properties of the superlattices are described at low temper- 
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atures by the theory of quantum corrections to the conduc- 
tivity, which revealed that the main mechanism for phase 
relaxation of the electronic wave function in the systems 
investigated at low temperatures is based on electron- 
electron collisions with small energy transfer. 

The samples of &doped barriers have greater struc- 
tural perfection and greater mobility of the 2 0  electrons 
than do the modulation-doped samples. Such an effect was 
previously observed in systems with 6-doped quantum 
wells.22 

MQW systems with 6-doped barriers are promising for 
use as IR photodetectors with a larger quantum yield, bet- 
ter selectivity, and a gain in thickness of the photosensitive 
region in comparison with the known modulation-doped 
 structure^.^ 
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