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Low-temperature electron mobility limited by remote ionized impurity scattering in a one-side-
modulation-doped single-quantum-well structure is calculated employing the memory-function ap-
proach. The calculations include self-consistent band-bending effects and the evaluation of quan-
tum states and wave functions. The dynamic response of the quasi-two-dimensionally confined
carriers is incorporated via use of an appropriate screening function. The dependence of the mo-
bility on the thickness of the spacer layer, the width of the quantum well, the dopant density, and
the electron concentration in the well is examined and interesting features concerning quantum-
size effects are brought out for situations of current experimental interest.

I. INTRODUCTION

In recent years there has been considerable emphasis
on the development of new man-made semiconductor
structures which could generate novel electronic and op-
tical responses of significance to microstructure and
nanostructure devices.!™* Amongst the important phys-
ical properties of such structures, carrier transport has
attracted special attention®~!7 since it determines the
speed of electronic devices which is a critical factor in
evaluating their performance. Significant progress has
been made in achieving high carrier mobility in man-
made semiconductor structures through the introduction
of the idea of modulation doping which physically
separates the carriers from their parent ionized
dopants,”~” thus leading to an enhancement of average
scattering time by orders of magnitude. In
GaAs/Al,Ga,_,As(100) heterostructures with the
latter material grown on the former, (the so-called nor-
mal interface) and modulation doped with a spacer layer
of ~200 A, mobilities as high as 2x 10° cm?/V sec have
already been achieved.>® These are close to the highest
values predicted by calculations.'® In spite of a number
of attempts however, such high mobilities have not yet
been attained in inverted (GaAs grown on Al,Ga,_,As)
heterostructures’*~!7 and in single-quantum-well struc-
tures,'®~2! which always involve one inverted interface.
The observation of relatively low mobilities in these
structures is attributed to the structurally and chemical-
ly rough nature of the inverted interface and the possi-
bility of dopant 'diffusion (and/or segregation) towards
the inverted interface.'”'°~2% It is now recognized that
both these effects are tied to the kinetics of growth of
GaAs on Al,Ga;_,As and of dopant motion. Since
single-quantum-well structures offer the possibility to
better tailor quantum states via band-offset engineering
as compared to the heterostructure case, it is of interest
to examine whether high electron mobility can be
achieved in such a structure by getting over the inverted
interface problem. One suggestion in this context is to
dope only on the side of the normal interface so as to
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bypass the problem of impurity segregation at the invert-
ed interface.’»?* Also, since the dopant- and carrier-
generated fields in such a structure will pull the
majority-carrier wave function away from the structural-
ly and chemically rough inverted interface and towards
the higher-quality normal interface, the influence of such
other interface-roughness-related scattering mechanisms
on the carrier mobility can also be expected to weaken.
It should be pointed out, however, that since in this case
the wave function is pulled towards the ionized dopants
on the side of the normal interface, the corresponding
contribution may undergo some increase as compared
with the case of both-side doping for which the ground-
subband wave function is centered at the origin. These
complications thus call for a systematic study of the
influence of individual scattering mechanisms on the
carrier mobility in a one-side-doped single-quantum-well
structure, which happens to represent a situation inter-
mediate between a heterostructure and a double-side-
doped quantum well. In the work reported in this paper
we examine the influence of remote ionized donor im-
purities on the low-temperature electron mobility in
one-side-doped Aly 33Gag ¢7As/GaAs/Alj 33Gag ¢7AS
single-quantum-well structures. = We calculate the
ionized-donor and carrier-generated potentials along
with the carrier wave functions in a fully self-consistent
calculation wusing exchange and correlation poten-
tials.?>2® We use the memory-function approach,”A30
which intrinsically incorporates what may be called the
self-energy and vertex corrections in a diagrammatic
analysis of the response function, to obtain an expression
for conductivity valid for arbitrary frequencies of ap-
plied field and the value of sample temperature. Having
thus improved over the Boltzmann-transport-equation
approach,?’ we study the systematics of low-frequency
and low-temperature mobility by explicitly calculating
the dependence of the mobility on spacer width, well
width, carrier density, etc. We use a screening function
appropriate for quasi-two-dimensionally confined car-
riers®! [and not a function for pure two-dimensional (2D)
confinement as used in some calculations on heterostruc-
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tures and double-side-doped wells] to obtain the effective
scattering potential experienced by the carriers. We re-
strict the parameter space to cases for which no higher
subband effects are of any major significance. In the fol-
lowing, we first discuss the method of self-consistent cal-
culation of wave functions and confinement potential,
then the mobility calculation within memory-function
approach, and finally the results.

II. THEORY

A. Self-consistent calculation for potentials
and wave functions

The self-consistent solutions for potential distributions
and wave functions can be obtained by solving the cou-
pled Schrédinger and Poisson equations given by?®32~3*

—#* d?
o d—zin,(zH— V(Z)ni(2)=E,-(Z)7],‘(Z) (1)
and
d’¢(z)  4me 5
d22 = P ;N, 177,(2)| —p(Z) (2)
with

V(z)=—ed(z)+ Vxc(2)+AE. O(z)+AE. O(—z —d,) .
(3)

Here, z represents the position coordinate in the
quantum-well growth direction; V' (z) is the z distribution
of the potential comprising of the electrostatic term
—ed¢(z), the exchange correlation term Fxc(z), and the
band offset terms [AE, is the conduction-band discon-
tinuity and ©(z) is the unit step function]; 7;(z) is the
normalized electron wave function for the ith subband,
E; is the energy of the ith subband; N; is the areal elec-
tron concentration in the ith subband (cm~2); p(z) is the

¢(Z 222)=kBTln
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z distribution of ionized dopants; m* is the electron

effective mass (in the calculations taken to be 0.065m,,
the value for GaAs); and « is the dielectric constant of
the quantum-well structure (in the calculations assumed
to have a value of 13.0, which corresponds to GaAs).

We choose the following form for the exchange and
correlation potential:?®

Vyclz)=—[140.7734x In(14+x ~")](2/ma/y)R*  (4)
in which, a=(4/9m)'3, x =x (z)=v, /21,

yX:yS(z):[érr(a*Pn(z)]“1/3 (5)
with
2 2
s KA pe_ € (6)
“ m*e?’ 2ka*
and
n(z)= 3 N;|n:(2)|*. M
i
Here, N, is given by?®33
m*kBT EF—E,'
N’:4ﬁﬁ2 In |1+4exp ——kBT (8)

with Ep as the Fermi energy and kz the Boltzmann con-
stant. We work within the so-called depletion approxi-
mation which assumes that all donors are ionized in the
depletion region (z, <z <z,, see Fig. 1) and that the dep-
leted charge density Ny, for z <z; is 5x10'° cm~2,
which corresponds to an impurity concentration
N, —Np of ~10" cm~3 N, and N, being the acceptor
and donor concentrations.

The procedure of numerical calculation begins by cal-
culating the conduction-band potential at z >z, for a
ﬁngge”temperature (T =4.2 K), using the equation given
by

—(1—Np /ANc)+[(1—Np, /4N +4gN, /N 172

2g

where
g =2expleE; /kpT) . (10)

In our calculations we used a value of 50 meV for E,
which represents the donor binding energy. In Eq. (9)
Nc is the equivalent density of states of the conduction
band in Al ;3Gag¢;As. The boundary conditions used
to solve the Poisson equation in the depletion region
within the attendant framework of assumptions are

V(z=z))=—ed(z=2,), dV/dz|,_,,=0. (11)

The thickness of the space-charge region (dg.p, see Fig.
1) is determined by the charge-neutrality condition,

Ndddep=Ns+Ndep (12)

with N, being the electron concentration (per cm?) and
the equation

2me?

—edlz=z,)=—ed(z =2,)+ . Np(dge,)* . (13)

Correspondingly, the magnitude of the electric field at
z =z, is given by

Flzmzy)— T Wap tNs) (14)

K

where the penetration of the wave function in the region
z >z, is ignored. At equilibrium, the Fermi level must
be aligned throughout the whole region. Thus at a fixed
doping concentration, N, and dg4, are determined by the
charge neutrality and the equilibrium condition by solv-
ing Egs. (1)-(14) self-consistently.
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FIG. 1. Schematic  of  one-side-modulation-doped
Al,Ga,_,As/GaAs/Al,Ga,_,As single-quantum-well struc-
ture and representation of the associated terms used in the
self-consistent calculation of potential distribution.

B. Mobility within memory-function approach

The basic formulation for evaluation of the scattering
time (7) within the memory-function approach has been
worked out in detail in Ref. 27. Within this framework
the dynamical conductivity is represented as
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2
o= |22 MY, (15)
dqr

where z =w+i6 is the complex frequency, w, is the
plasma frequency, and M (z)=M'+iM"" is defined as the
memory function. It is given in terms of the current-
current correlation function {[j(¢),7(0)]) via the rela-

tions
M (z)=zX(z)[X(z =0)—X(2)], (16)
=—piP=—i [T ([0, j@Ddr (7
with X(z =0)=N,/m*, where N; is the electron concen-

tration (per cm? in 2D case). The electron scattering
time at zero frequency is then given by

Ho=0)=[M"(0=0)]"", (18)
so that the low-field dc mobility becomes
pu=(e/m*)[M"(0=0)]"". (19)

The evaluation of M (z) follows straightforwardly the
procedure detailed in Ref. 27. Using (33) of Ref. 27,
modified for the two-dimensional situation at hand, we
obtain the following expression for M"'(w):

" 8 |1 Qe’ do
M(0)=—g N ] Iﬂﬁ2 ] { dek f fdz N/(z;)f(Ey) | I\(Ey,z;) |2
X (#iw+ {[Ex(E; —#i0)]"? —[E (E +#iw)]"/?} cosb1) /w0 ,  (20)
which in the limit ® —0 reduces to
' 8 1 m* Qle do ,
M"(0—0)=""0 |5~ ﬁ dek [ 50 J daNizof (B | 1L(E,z) | *(1—cos6) . @1
r
Here, the static dielectric constant of the semiconductor ma-
. | terial (which we take to be that of GaAs), Q; the charge
—Mlz=z

( e
11(Ek,2f)=k_l fdl | mo(z) | 2 (Ep)

with

* 172

8m Ek
Ol

Here the symbols have the following meaning: z equals
the electron coordinate in the confinement direction, z;
the ionized impurity coordinate, € the scattering angle,
E, the electron energy, 1o(z) the electron wave function,
€(E;) the dielectric response function of quasi-two-
dimensionally confined carriers, f (E; ) the Fermi distri-
bution function, N;(z;) the ionized impurity profile, «

sin?(6/2) (23)

of ionized dopant equal to 1, and m* the effective mass
of electron.

In so far as the dielectric response function €(Ey) is
concerned, we choose a form appropriate for quasi-two-
dimensionally confined carriers,’!

e(E )=1+[sh(q)/q], (24)
where

s =2(m*/27#*)(2me? /) (25)
and

g=21|k| sin(6/2),

k being the electron wave vector. The function A (q) is
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given by
h@= [ dzy [ dzyplzplze * 1721 6)
where p(z)= | no(z) | % Price’! has given an interpola-

tion formula for /4 (g) which does not introduce an error

in the transport calculation of more than 10%. This for-
mula is given by>!
q)=1/(1+bq) , (27)
where
b= 2 [ pardz (28)

We employ this formula in our calculations.

III. RESULTS AND DISCUSSION

Figure 2 shows the dependence of the low-temper-
ature electron mobility and carrier concentration in the
well on the spacer-layer thickness, for a 100-A
Al 33Gag 7As /GaAs/Aly 33Gag g7AS single-quantum-
well structure modulation doped on one side of the well
at a dopant concentration of 5x10'7 cm~3. This side
we take to be the normal-interface side of a grown struc-
ture, as also indicated in Fig. 1. It can be seen that in-
crease in the spacer-layer thickness leads to a gradual
decrease in the concentration of carriers transferred to
the well due to enhancement of the effective barrier for
charge transfer. Yet, the mobility increases from
4.77x10° cm?/Vsec for no spacer case to 2.25x10°
cm?/V sec for a spacer thickness of 300 A. This behav-
ior is an interplay of the self-consistent band-bending

effects, and the electron wave function and
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FIG. 2. Dependence of low- -temperature electron mobility
and carrier concentration in a 100-A one-side-modulation-
doped Aly.33Gag ¢7As/GaAs /Al 33Gag ¢7As  quantum-well
structure on spacer-layer thickness for a fixed dopant density
of 5x 10" cm~3.

concentration-dependent mobility parameters such as
Kr! and the screening function 4 (g), in addition, of
course, to the distance dependence of the bare interac-
tion itself. In order to bring out the nature of this inter-
play we show, in Fig. 3, the potential-energy distribu-
tions and wave functlons for representative thin (25- A)
and thick (200-A) spacer- -layer situations. Interestingly,
the wave functions in the two cases are not significantly
different, though Er—E, (and thus N;) is significantly
higher for a thinner spacer case. The similarity of the
wave functions indicates that the parameter b in the
h (q) function defining the screening expression [Eq. (24)]
is comparable in the two cases. However, the higher
average electron energy attendant to the higher electron
concentration for the thin-spacer-layer case leads to a
higher degree of screening. Nevertheless, this advantage
is negated by the lowering of the average separation be-
tween the ionized donors and electrons in this thin
spacer case. The net effect is thus a lowering of mobility
with decrease in the spacer-layer thickness. An impor-
tant point to be noted here is the intrinsic coupling of
the charge-transfer process with the band-bending effect,
which limits the parametric freedom for tailor-making of
such configurations. Thus, it is of interest to search for
a range of dopant densities for a given range of spacer-
layer thicknesses, which could lead to a desired electron
concentration in the well.

In Fig. 4 we present the results on the dependence of
mobility on spacer-layer thickness for the case wherein
the dopant density is changed in such a manner that a
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FIG. 3. Potintial distributions and electron wave functions
for two 100-A one-side-modulation- -doped Alg 33Gag ¢;As/
GaAs/Aly 33Gag ¢7AS quantum- -well structures for spacer-layer
thicknesses of 25 and 200 A. The dopant density is 5 10"
cm~* The arrows show the average spatial positions of elec-
tron distribution.
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6 6 out without incorporating band-bending effects and the

Sr 4o = 100 & (35 ML) | electron-electron interaction, we had demonstrated that

w o . .

4r X - 0.33 7 the well-width dependen_ce of the electron wave function

3l A T 13 and the attendant modification of the screening effects

Ns = 5x107em h jor infl the nature and degree of

ave a major influence on the nature a egree o

quantum-size effects. In the present case of a one-side-

er 12 doped well the band-bending effects are crucial to the

sk dis charge-transfer process itself and since the electric field

o - _ in the spacer region depends on the density distribution

f 0sL o of electrons in the well, the band bending is influenced

> 9of 49 £ by the size of the quantum well and thus contributes an

ig ?: — :g . interesting feature to the aspect of quantum—si;e effects.

. 6 16 = Clearly these effects are bound to be more important

= gL 15 3 (not necessarily dominant) in single-side-doped quantum

;—; al 1s ° wells as compared to the case of symmetrically doped
2 = wells.

3+ 13 & In Fig. 5 we show the dependence of the low-

9 temperature electron mobility and the electron concen-

ok 42 tration on the width of the quantum well for a

fixed spacer-layer thickness of 150 A (solid lines) and a

151 115 fixed dopant density of 5x 10! cm™3. The barrier-layer

Al concentration in these structures is 33%. Before we

10° L ' ! S S L_lio" discuss the size effect in this case it is important to men-
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FIG. 4. Dependence of low-temperature electron mobility
and the dopant density required to maintain a fixed electron
concentration (5x10'' cm~2) in a one-side-modulation-doped
Alg 33Gag 67As/GaAs/Aly 33Gap 67As quantum  well, on the
spacer-layer thickness.

fixed electron concentration of 5X 10'' cm 2 is attained

in the quantum well. These results are, once again, for a
100-A A10'33Gao' 67AS /GaAS /Al() 33Ga0'67As quantum-
well modulation doped only on the normal-interface
side. It can be readily seen that as the spacer-layer
thickness is increased it becomes increasingly difficult to
achieve a given electron concentration in the well'® due
to an attendant increase in the effective strength of the
barrier for charge transfer. Thus almost an order of
magnitude (from 10'7 to 10'® cm™3) increase in dopant
density is required to maintain a fixed electron concen-
tration of 5x10'"' cm~? in the well as_the spacer thick-
ness is increased from ~25 to ~200 A. Of course, the
magnitude of the range of dopant density required to
maintain a fixed electron concentration in the well is a
function of the desired electron concentration itself and
the width of the well. In so far as the variation of mo-
bility with increase in spacer thickness is concerned, one
has an interplay of the positive contribution from the in-
crease in the effective separation between the scatterers
and the carriers, and a negative contribution from the
increase in the density of dopant needed to keep the car-
rier constant in the well. Clearly, the latter starts
becoming increasingly important for spacer thicknesses
of greater than ~ 100 A.

Next, we address the interesting question of quantum-
size effects in such a one-sided doped structure. In our
previous theoretical studies on symmetrically (uniformly
and modulation) doped,?*3° single quantum wells carried

tion that the size effect does depend on such parameters
as the dopant density, spacer-layer thickness, and the Al
concentration in the barrier layer. In the representative
case shown here it may be seen that a decrease in the
width of the quantum well leads to a significant and in-
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FIG. 5. Variation of the low-temperature electron mobility
and electron concentration in the well as a function of the
width of the one-side-modulation-doped Al 33Gag ¢7As/
GaAs /Al 33Gag ¢7As quantum-well structure for two cases of
spacer-layer thickness, viz. dacer =50 A and d spacer = 150 A.

The dopant density is fixed at 5x 10'7 cm ™.
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FIG. 6. Potential distributions and electron wave functions
for two one-side-modulation-doped Al ;3Gag ¢;As/GaAs/
Alj 33Gag ¢;As  single- quantum-well structures having well
widths of 25 and 125 A. The spacer-layer thickness is 150 A
for both the cases and the dopant density is fixed at 5x 10"
cm~3. The arrows show the average spatial positions of elec-

tron distribution.

creasingly faster decrease in the electron concentration
in the quantum well below a well width of ~75 A. This
is also associated with a gradual increase in the value of
low-temperature mobility. In order to understand the
mechanisms contributing to this rather interesting size
effect, we plot in Fig. 6 the potential distribution and
electron wave functions for wells having widths of 25
and 125 A, which typlcally corresponds to thin and
thick wells, respectively, in the quantum-size-effect re-
gime. It can be clearly seen that the average separation
between the electron distribution and the ionized donors
is larger in the case of the 125-A well than the 25-A well
and also Ep—E is higher in the former case as com-
pared to the latter. Both these effects have an effect on
the mobility which tends to enhance its value more for
the 125-A-well case than for the 25-A-well case. Howey-
er, the calculated mobility is higher for dy, =25 A,
which indicates that the screening effect characteristic of
quasi-two-dimensional confinement of electrons, especial-
ly the role of the parameter 4(g), is important in
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influencing the size effect. The calculated values of the
parameter b in Eq. (28) evaluated for 25- and 125-A
wells are 28.8 and 51.85 A respectively, and it Clearly
leads to a stronger screening in the case of 25-A well.
This effect overshadows the other two effects mentioned
above and the mobility gradually rises as the width of
the well is decreased. It can be expected that for a
smaller value of spacer-layer thickness the effect of de-
crease in the separation between the ionized dopants and
the average electron location with decrease in the well
width should dominate over the modification rendered to
the screenmg That this indeed is the case can be seen
from the size effect for a 50-A spacer case shown by dot-
ted lines in Fig. 5.

IV. CONCLUSION

In conclusion, we have presented theoretical results
for the low-temperature electron mobility limited by re-
mote ionized impurity scattering in one-side-doped
Alj 33Gag ¢;As /GaAs /Al 33Gag ¢7As single-quantum-
well structures. The results are obtained employing a
self-consistent band-bending and quantum-state calcula-
tion within the memory-function approach. The depen-
dence of mobility on the spacer thickness, the dopant
density, and the width of the well is investigated, and
their corresponding consequences for situations of exper-
imental interest are brought out. The influence of other
scattering mechanisms, such as alloy disorder!®?® and in-
terface roughness,”"%'37 on the mobilities calculated
here needs to be examined. Previous theoretical studies
of electron transport in symmetrically modulation-doped
quantum wells and superlattices show that remote ion
scattering is the dominant scattering mechanism in such

structures when the quantum confinement length scales
are over 80 to 100 A. For thinner confinement lengths
alloy disorder and interface roughness can have
significant contributions to low-temperature electron mo-
bility. We have undertaken a comprehensive study of
the origin and growth condition dependence of such dis-
orders via Monte Carlo simulations of molecular-beam-
epitaxy growth and implications of the quantitative in-
formation derived therefrom on the confined carrier
properties such as luminescence,*® transport, etc. The
results of such studies on the low-temperature electron
mobility in one-side-modulation-doped structures will be
reported in a subsequent publication.
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