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Photoluminescence, temperature dependence of conductivity (0.4 < T' < 300 K), magnetore-
sistance in selectively doped GaAs/Iny,Gai_;As multiple quantum well (MQW) structures
were investigated. The dependence of electron mobility on the width of the quantum wells
and temperature were measured. It was shown that in narrow MQW structures the value of
mobility is restricted by interface roughness scatterinsg. In wider MQW structures neither
interface roughness scattering nor charge impurity scattering can describe the values and
temperature dependences of mobilily. Negative magnetoresistance was observed. From de-
tailed comparison between theory of weak localization and experiment the relaxation time
of the wave function phase 7, and temperature dependence of 7, were evaluated. Quantum
Hall effect was investigated in all samples at T=0.4-4.2K in magnetic fields up to 40T.

I. Introduction

Interest in MQW structures originates from a one-
dimensional periodic potential by a periodic variation
of either impurities or alloy composition in semiconduc-
tors, with the period shorter than the electron mean
free path. The predicted peculiarities of optical and
transport phenomena originate from a splitting of the
conduction and valence bands into narrow minibands.
Physical properties of strained quantum wells and su-
perlattices are currently of great scientific interest. In
thin GaAs/In,Gaj_,As layers, the lattice mismatch is
accommodated by a biaxial strain, which leads to a
change in the band gap and splitting of the valence
band at the I'" point. Therefore strained MQW struc-
tures display interesting phenomena that are differ-
ent from those of lattice-matched quantum wells. Al-
though the interest to GaAs/In,Gai_,As MQW struc-
tures arose due to their technological importancel'] lit-
tle attempt has been made to understand the trans-
port properties of the 2D electron gas formed in such

structures. The introduction of modulation doping in

GaAs/In,Gaj_,As modifies its physical properties, and
it gives rise to new phenomena including such as quan-
tum Hall effect (QHE) and quantum correction to con-
ductivity. The principal role in the transport proper-
ties of MQW structures plays the character of electron
scattering. The mobility of electrons may be reduced
for example by a charge impurity scattering or interface
roughness scattering. In undoped superlattices the pho-
toluminescence spectrum showed a narrower line width
when compared to doped samples. The electron scat-
tering mechanism may be investigated by optical or
galvanomagnetic methods. In this paper we investi-
gated photoluminescence, galvanomagnetic properties,
quantum Hall effect and Shubnikov de Haas (SdH) os-
cillations of GaAs/In,Gaj_,As multiple quantum well
structures in the temperature range 0 4K<T<60K in
magnetic fields B<40 T.

II. Experimental

All samples were grown by liquid phase epitaxy. 15
periods of quantum wells In,Gaj_;As with the width
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Ly(5.2nm < L, <10.2nm) were separated by GaAs
barrier with the width 165nm.

A single quantum well of the sample structure is
shown in Fig. 1. The GaAs layers, denoted by Ls, were
doped with Ge in concentrations up to 7 x 1017 cm™3.
The doped GaAs was separated from the quantum well
by an undoped GaAs layer with width Z; = 7 nm. The

structure was separated from the GaAs(Cr) substrate

by an i-GaAs buffer 0.08-0.14 ym width.
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Figure 1. A single quantum well of a sample structure, e
and ez are the positions of the two energy levels.
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We measured the temperature dependences of con-
ductivity lor 0.4 < T < 300K, and the Hall effect
and magnetoresistance for 0.4<T<60K. Low magnetic
field up to 6T were produced with a superconducting
solenoid, high magnetic field up to 40T we produced by
a pulsed magnet.

Some parameters of the samples investigated are
listed in table 1. The electron concentration (n;) is

given per quantum well.

III. Results

The semiwidth of the photoluminescence peak at
T=77K was approximately 35-55 meV for doped and
15-20 meV for undoped structures with the same geo-
metrical parameters. Typical photoluminescence spec-
tra of the MQW structures are shown in Fig. 2 at
300K and 77K. The electron mobility increases when
the width of well is increased (see table 1).

For all samples the conductivity increases when
temperature decreases. When the temperature is de-
creased below 30K the conductivity o decreases. For
T < 15K the dependence o(7T) is a linear function in
coordinates o — InT. The sheet conductivity oo per
well for three samples is shown in Fig. 3. Negative

magnetoresistance were observed in low magnetic fields
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B < 0.1T. The negative magnetoresistance depended
quadratically on the magnetic field in very low fields
followed by logarithmical dependence on magnetic field.
The lowering of T reduced the range of quadratic de-
pendence. For T' > 50K the magnetoresistance became
positive with a quadratic dependence on the magnetic

field.
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Figure 2. Photoluminescence spectra of MQW structures
at T=300K (1,2,3) and T=77K (1a,2a,3a). Numbers corre-
spond to numbers of samples in the table 1.
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Figure 3. Temperature dependence of sheet conductivity.
Numbers correspond to numbers of samples in table 1.
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Table 1 Composition (x), well width (L), Fermi energy (EF), electron concentration per well (ny), experimental

and calculated values of mobility (), the lateral roughness (A), the semiwidth of photoluminescence spectra (§F)

and experimental (6F.) and calculated (6F.) the energy difference between two subbands in well (65 = e; — e3)
for samples No.1, No.2, and No.3 at T=4.2K.

N X Lwa EF, ny, Hexp Heales A AEa AEca AEC
nm | MeV | 10" em™? | em?/(Vs) | em?/(Vs) | nm | meV | meV | meV
11027 | 5.2 31 9.1 8750 8900 17 | 36 - -
21028 8.0 37 11 9600 190000 17 | 55 101 | 100
31030104 | 34 10 10300 530000 17 | 53 80 100
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Figure 4. Shubnikov-de Haas oscillations p,» and quantum
Hall effect pyy of a sample 1 at T=4.2K.

In high magnetic fields we observed the QHE. The
dependences of the transverse magnetoresistance pg,
and Hall resistance p,, on magnetic field are shown in

Fig. 4 for sample No.1.

As it is seen in Fig. 4, all the parallel connected
quantum wells exhibit the same electron density in the
populated ground subband, which results in one ob-
servable period of Shubnikov-de Haas oscillations. The
most sensitive to inhomogeneity the p., plateaus show
no additional structures. The concentration of elec-
trons evaluated from Shubnikov-de Haas oscillations is
nearly the same as calculated from the Hall effect. The
Hall effect measurements showed that for all samples
the concentration of electrons does not depend on tem-
perature at least up to 7' ~20K. It means that in this
temperature range the temperature dependence of con-
ductivity must be attributed to a temperature depen-

dence of the mobility. The dependence of mobility p on
T for all samples is plotted in Fig. 5.
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Figure 5. Temperature dependence of mobility. Numbers
correspond to numbers of samples in table 1. Solid line rep-
resents a calculated dependence of y(7") with help of formula
(1) with parameter A = 17nm.

IV. Discussion

The electron mobility ¢ in the investigated samples
decreases very rapidly when the width L, of the quan-
tum well decreases In Ref. [2] it was proposed that
in thin quantum wells (L,, <6nm) interface roughness
scattering is the dominant scattering mechanism. In
this case electron mobilities are proportional to LS and
depend on the lateral width A of roughness and its

height A:

6
n= Az 1) (D)
where function ¢ depends smoothly on temperature T,
electron concentration n and parameter A. We calcu-
lated the temperature dependence of electron mobilities
in two cases: for the dominant charge impurity scatter-
ing and the dominant interface roughly scattering. In

the first case we used the formulas from Ref. [3] . The
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calculated values of the mobilities were about one or-
der of magnitude higher than the experimental values
and showed a different temperature dependence. For
the second case we used formula (1) and fitted theo-
retical curve to the experimental points using A and
A as fitting parameters. The result of such a fitting
is shown in Fig. 5 for sample No. 3 by the solid line.
The theoretical curve and the experimental points are
in a good agreement. The same result for the temper-
ature dependence of mobility in the case of dominant
interface roughness scattering mechanism was obtained
for AlAs/GaAs quantum wells¥] and for GaAlAs/GaAs
quantum wellsl’]. In quantum wells with L,, > 6nm
(samples No. 1 and No. 2) neither interface roughness
scattering nor charge impurity scattering may describe
the absolute values and the temperature dependence of
mobility. Reduction of experimental values of mobil-
ity in comparison with the calculated one (see table 1)
may be explained by the additional scattering due to
fluctuation in the alloy composition in the wells.

We calculated the subband structure of the sam-
ples. The main feature of the investigated structures
is the existence of single subband in sample No. 1 and
two electron subbands in samples No. 2 and 3. The
Fermi energy was lower then the threshold of the sec-
ond subband. Thus in oscillations we observed only
single frequency from one occupied subband.

The decrease of conductivity when temperature
decreases and the negative magnetoresistance with a
quadratic dependence on the magnetic field in low fields
and a logarithmic one in high fields may be fully de-
scribed by the theory of quantum correction to conduc-
tivity for the 2D casel®7]. This gives the possibility to
determine some electron parameters of samples, for ex-
ample the relaxation time of the wave function phase
T,. The value of 7, depends on electron-electron or
electron-phonon relaxation. The relationship between
7, and the characteristic values of the energy relaxation
time and of the inelastic scattering relaxation time was
calculated in [8,9]. The temperature dependence of 7,

is given by

T, =al™ " (2)

For electron-electron scattering in weakly disor-

dered metals it was found that p = d/2 in contrast with
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the result p = 2 predicted in the clear limit whatever
the dimensionality of the system. For electron-phonon
scattering p ranges from 2 to 4 at low temperatures in
the limit of the small mean free path.

The corrections to the conductivity ¢ of a square in

a magnetic field H has the forml[°]

o) - o(0) = 5= o0p: (2F) )

where the function fs describes the localization, D is
the diffusion coefficient of the carries, and 7, is the
relaxation time of the wave function phase. The func-
tion fo(z) ~ 22/24 for x << 1 and fa(z) ~ In(x) for
z >> 1. Making use of the formula

p=eD/E; (4)

valid for degenerate electron gas we calculate value of
D which is necessary for calculation of 7,. Using 7, as
a parameter we may fit theoretical curves to the experi-
mental negative magnetoresistance. From such a fitting
we evaluated 7, dependence on temperature. This de-
pendence is well described by formula (2) with p = 1.
It means that there is a strong electron-electron inter-
action in MQW GaAs/In,Gaj_,As structures.

V. Conclusion

It was shown that interface roughness scattering
is the dominant scattering mechanism in thin quan-
tum wells. It was shown that the quantum cor-
rection to conductivity for 2D case play important
role for explanation of galvanomagnetic properties of
GaAs/In,Gaj_,As multiple quantum well structures.
In high magnetic field we observed QHE which showed
that all the parallel connected quantum wells exhibit al-
most the same electron density in the populated ground
subbands. The p,, plateaus which are very sensitive to
inhomogeneity show only weak additional structures.

The temperature dependence of conductivity deals
only with the temperature dependence of the electron
mobility. The dependence of electron mobility on the
temperature for the sample with the L,, <6 nm may be
quantitatively explained by interface roughness scatter-
ing of electrons. In quantum wells with Lw;6nm nei-
ther interface roughness scattering nor charge impurity
scattering may describe the observed temperature de-

pendence of mobility.
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