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Self-consistent electron-mobility calculation in a modulation-doped two-dimensional electron gas
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We present a fully self-consistent model to calculate the low-temperature mobility of a modulation-doped
two-dimensional electron gas. Ionized impurity scattering and level broadening are included, yielding a
parameter-free quantitative determination of the electron mobility. Our theoretical results are verified experi-
mentally by Hall-effect measurements performed on ann-type modulation-doped GaAs/AlxGa12xAs single-
quantum-well heterostructure.@S0163-1829~98!02615-0#
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Modern epitaxial growth techniques have had a dram
effect on semiconductor physics. In fact it is now possible
tailor the band diagram of heterostructures with great fr
dom and achieve bymaterial designa large variety of elec-
tronic states and properties.1

Accurate design of these structures can often be obta
by self-consistent Schro¨dinger-Poisson solvers easily imple
mented within the effective mass framework.2 There is, how-
ever, another important property that can bedesignedin
semiconductor heterostructures thanks to the concep
modulation doping.3 By appropriate choice of the spatia
separation between free carriers and doping layers it is
sible to tune not only the free carrier density, but also
mobility. This scheme opened the way to the exploration
new physical phenomena~e.g., the quantum Hall effect4! and
to the implementation of device concepts~e.g., the
modulation-doped field-effect transistor5!. In this paper we
present and verify experimentally a fully self-consiste
method to calculate the low-temperature mobility of
modulation-doped two-dimensional electron gas in the g
eral case of multisubband occupation, including the effec
ionized impurity scattering and level broadening. Th
scheme allows the precise calculation of static and dyna
electronic properties for the accurate design of heterost
ture composition.

From the theoretical point of view, transport properti
of a quantum well~QW! in the general case of many occ
pied electronic subbands can be described by a system
coupled Boltzmann equations. To solve these equations
necessary to know the relaxation timest i(«) for each occu-
pied subbandi . The t i(«)’s, at zero temperature, are give
by6,7
570163-1829/98/57~16!/10017~4!/$15.00
ic
o
-

ed

of

s-
s
f

t

-
f

ic
c-

of
is

t i~«!5(
j

Ki j
21~«!~«2Ej !, ~1!

where Ej is the energy ofj th level, and« is the electron
energy. The matrixKi j («) includes all the information abou
the system and, therefore, depends on the scattering me
nisms included.

In modulation-doped heterostructures at low tempe
tures, the dominant scattering mechanism is Coulomb in
action between carriers and ionized impurities. We acco
for this mechanism including the screening effects in
random-phase approximation using realistic eigenstates
the QW obtained by means of a self-consistent Poiss
Schrödinger solver. We underline that composition and do
ant concentration profiles are the only information requir
in our theoretical analysis: no fitting parameters are e
ployed.

The Fermi golden rule leads to an energy-conserving tr
sition probability. With this assumption the matrixKi j («)
can be written as8

Ki j ~«!5
\3

8p2m2 E dkE dk8F(
l

k2d i j d„«2« i~k!…

3Wil ~k2k8!d„«2« l~k8!…2k•k8d„«2« j~k8!…

3Wi j ~k2k8!d„«2« i~k!…G , ~2!

where m is the electronic effective mass
« i(k)5Ei1(\2k2/2m). Wi j (k2k8) is the squared matrix
element of the perturbation from stateik to statej k8 aver-
aged over the ionized impurity distributionND

1(R):
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Wi j ~k2k8!5E d3RND
1~R!

3U(
i 8 j 8

e i 8 j 8 i j
21

~k2k8!^ j k8uV~r2R!u ik&U2

,

~3!

where V(r2R) is the potential, calculated inr, due to an
ionized impurity located atR, and e i 8 j 8 i j

21 (q) is an effective
dielectric constant that accounts for screening7 including the
effect of virtual excitation to unoccupied subbands. Equat
~2! contains all the information needed to calculate electro
transport properties: electronic wave functions, the ioniz
impurity distribution~both entering the definition ofWi j ! and
Fermi energy.

Energy-level broadening plays an important role in det
mining the electron mobility. This is particularly importan
here since, owing to the electrostatic nature of Coulomb
teraction, the scattering probability increases by decrea
Fermi energy. The broadening of the states for the fi
excited subband therefore increases when the subband p
lation decreases. This can be rigorously treated in the qu
tum transport framework.9 Unfortunately, the rather
cumbersome algebra involved limits the applicability of th
formalism to very simple systems only.

Here we include level-brodening effects in the Boltzma
transport equation by replacing in the Fermi golden rule
energy-conservingd functions by Lorentzian functions
Their widthsG j are calculated by means of Green-functi
techniques, as shown in Ref. 9, and using the same effec
potential Vi j

eff as above. Thus no phenomenological para
eters are required.

The resultingKi j («) matrix is

Ki j ~«!5
\3

8p2m2 E dkE dk8H(
l

k2d i j d„«2« i~k!…

3@Wil ~k2k8!D i l ~k,k8!u„« l~k8!2«…1Wli ~k82k!

3D l i ~k8,k!u„«2« l~k8!…#2k•k8d„«2« j~k8!…

3@Wji ~k82k!D j i ~k8,k!u„« i~k!2«…1Wi j ~k

2k8!D i j ~k,k8!u„«2« i~k!…#J , ~4!

where

D i j ~k,k8!5
1

p

G j~k8!

@« i~k!2« j~k8!#21G j
2~k8!

~5!

andu(x) is the Heavyside step function.
In order to test our model we have studied the transp

properties of a gated n-type modulation-doped
Al0.25Ga0.75As/GaAs QW heterostructure, whose compo
tion is shown in Table I. By appropriately biasing the gate
was possible to explore transport in both single- and dou
subband occupation regimes.

The heterostructure was grown by molecular-beam e
taxy at 600 °C, with As4 /~Al1Ga! and As4/Ga beam equiva-
lent pressure ratios of 12.5 and 15.5 and with GaAs
Al xGa12xAs growth rates of 1.0mm h21 and 0.75mm h21.
n
ic
d

-

-
ng
t-
pu-
n-

e

ve
-

rt

-
t
e-

i-

d

Hall-bar mesas were patterned by standard photolithogra
techniques and wet-chemical etching. Au/Ge Ohmic conta
were alloyed for transport measurements; a Schottky g
was evaporated on the channel surface covering;65% of its
area.

The need for high carrier concentration lead to the cho
of very narrow spacer layers~100 Å! in our structure. Con-
sequently the results of the simulations are very sensitiv
the doping profile. The latter was verified by SIMS andC-V
measurements showing significant segregation (;10 nm)
and diffusion of dopant~Si! impurities, consistently with the
results reported by Pfeifferet al.10 The full width at half-
maximum and average concentration of the doping la
grown before~after! the QW were;14 nm (;31 nm) and
;7.931017 atoms/cm3 (;7.331017 atoms/cm3), respec-
tively.

The charge density in the QW was determined
Shubnikov–de Haas measurements. Figure 1~a! shows the
data obtained at 1.2 K and zero gate bias: two oscillation

FIG. 1. Magnetoresistance oscillations@~a! and ~c!# and their
Fourier analysis@~b! and ~d!# obtained at 1.2 K and zero gate bia
from the sample of Table I.~c! is taken with the phase-sensitiv
technique described in the text; its FT~d! shows clearly two peaks
due to two populated subbands, one with a carrier density
'1131011 cm22, the other with a carrier density o
'431011 cm22. ~a! was obtained by the standard dc techniqu
note that the onset of the oscillations occurs at higher magn
fields with respect to~c! and the signal due to the second subband
less visible.

TABLE I. Nominal composition of the structure.

Material Thickness~nm! Doping (cm23)

GaAs 5 undoped
Al0.25Ga0.75As 27 undoped
Al0.25Ga0.75As 27 n 731017

Al0.25Ga0.75As 10 undoped
GaAs 20 undoped
Al0.25Ga0.75As 10 undoped
Al0.25Ga0.75As 11 n 731017

Al0.25Ga0.75As 40 undoped
GaAs 500 undoped

aSemi-insulating GaAs substrate.
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57 10 019SELF-CONSISTENT ELECTRON-MOBILITY . . .
different period are visible, confirming that two subbands
populated; Fourier transform~FT! analysis of the data@Fig.
1~b!# gives the carrier density in each subband~n0 for the
ground subband,n1 for the first excited one!.

To determine the value of the gate bias (Vtr) correspond-
ing to the transition from two to one occupied subbands
measured the charge density as a function ofVgate. The os-
cillations due to the second subband, though visible
Vgate50 V, are progressively depressed as the channel is
pleted; thus, the determination ofVtr is not straightforward.
This problem was solved using a technique somewhat an
gous to that proposed by Schacham, Haugland,
Alterovitz,11 which consists in measuring the derivative
the magnetoresistance with respect to the charge den
This technique enhances the oscillations at lower magn
fields and, in particular, those due to the scarcely popula
subbands, allowing the measurement of very low elect
densities. Differentiation with respect to the density w
achieved by adding a small ac voltage to the gate bias~15
mV! and monitoring the voltage drop across the channel b
lock-in amplifier.

Figure 1~c! shows the data taken in the same experime
conditions of those reported in Fig. 1~a!, but with the phase-
sensitive technique. FT of these data is reported in Fig. 1~d!;
the amplitudes of the peaks associated with the two subb
have now comparable magnitude; in particular, the peak
beledn1 is sharper than the corresponding one in Fig. 1~b!.
Some other peaks appear atn02n1 and n01n1 . They are
due to the intermodulation of the two-subband oscillatio
and are related to intersubband scattering.12,13

Carrier concentration as a function of gate bias is sho
in Fig. 2: above20.3 V two peaks are clearly visible

FIG. 2. Carrier concentration in the QWversusgate bias at 4.2
K. Circles, measured second subband population; squares, first
band population; triangles, total concentration. Dash-dotted l
calculated second subband population; solid line, first subb
population; dotted line, total concentration.
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corresponding to two subbands being populated; be
20.6 V single-subband occupation is unambiguou
observed. By extrapolating the linear fit ton1 , for gate
biases between 20.3 V and 0 V, we estimated
Vtr520.5460.07 V. The solid lines in Fig. 2 are obtained b
solving self-consistently the Poisson and Schro¨dinger equa-
tions for our structure including the experimentally dete
mined doping profile.

The mobility of the sample was obtained by Hall me
surements at 4.2 K~solid squares in Fig. 3!. Experimental
data show a marked drop at gate biases nearVtr . This cor-
responds to the onset of intersubband scattering.7,14

The wave functions and the electronic subbands obtai
by the Poisson-Schro¨dinger solver at different gate biase
were used to calculate the mobility of the sample, accord
to the model described above. The comparison between
experiment and the calculations is reported in Fig. 3 show
excellent agreement when level broadening is includ
The residual discrepancy at lower gate biases is linked
multiple scattering events15 which are not taken into accoun
in our calculations.

In summary, we have presented a model to calculate
multichannel transport properties of a semiconductor hete
structure, which includes level broadening self-consisten
with no phenomenological parameters. The results of
model were compared to the experimental data obtai
from a single Al0.25Ga0.75As/GaAs modulation-doped QW
heterostructure by Hall measurements showing excel
agreement.

ub-
e,
d

FIG. 3. Mobility of carriersversusgate bias at 4.2 K. Solid
squares: Hall mobility. Open triangles: calculated mobility inclu
ing level broadening. Open circles: calculated mobility witho
level broadening.
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structures ~Les éditions de physique, Paris, France, 198!

Chap. 5.
3R. Dingle, H. L. Stormer, A. C. Gossard, W. Wiegmann, Ap

Phys. Lett.33, 665 ~1978!.
-

4K. von Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett.45,
494 ~1980!.

5S. Wang,Fundamentals of Semiconductor Theory and Dev
Physics~Prentice-Hall, Englewood Cliffs, NJ, 1989!.

6E. D. Siggia and P. C. Kwok, Phys. Rev. B2, 1024~1970!.
7S. Mori and T. Ando, J. Phys. Soc. Jpn.48, 865 ~1980!.
8S. Mori and T. Ando, Phys Rev. B19, 6433~1979!.



y
ate

10 020 57VINCENZO PIAZZA et al.
9D. G. Cantrell and P. N. Butcher, J. Phys. C18, 5111~1985!.
10L. Pfeiffer, E. F. Schubert, and K. W. West, Appl. Phys. Lett.58,

2258 ~1991!.
11S. E. Schacham, E. J. Haugland, and S. A. Alterovitz, Appl. Ph

Lett. 61, 551 ~1992!.

s.

12P. T. Coleridge, Semicond. Sci. Technol.5, 961 ~1990!.
13J. Herfort and Y. Hirayama, Appl. Phys. Lett.69, 3360~1996!.
14H. L. Stormer, A. C. Gossard, and W. Wiegmann, Solid St

Commun.41, 707 ~1982!.
15A. Gold, Appl. Phys. Lett.54, 2100~1989!.


