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The magnitude of potential fluctuations due to remote ionized dopants is calculated for
selectively doped hetercsiructures using unscreened and screened Coulomb potentials.
Potential fluctuations are found to be minimized (corresponding to maximum carrier
mobility ) if the dopant distribution is S-function-like. Our experimental study of electron
mobilities in selectively doped heterostructures grown by molecular beam epitaxy reveals that
carrier mobility indeed increases as the thickness of the doped layer is reduced, in agreement
with the calculation. A peak electron mobility of 5.5 X 10° cm?/V s is obtained at low

termperatures in a selectively §-doped heterostructure.

The highest electron mobilities for any semiconductor
are obtained at low temperatures in selectively doped z-type
Al Ga, _As/GaAs heterostructures.”” Various doping
schemes were used to optimize such heterostrictures includ-
ing homogeneous doping,™° single®*” and multiple' delta-
doping sheets. The electron mobilities in selectively doped
heterostructures were estimated by means of numerical cal-
culations.®'! Scattering of electrons by remote ionized do-
pants located i the Al ,Ga,  As is the
dominating scattering mechanism at low temperatures for
moderate spacer thicknesses. ™

In this letter we report the first systematic experimental
and theoretical study on the dependence of carrier mobility
on the dopant distribution. In the first part we calculate po-
tential fluctuations within the channel region of the selec-
tively doped heterostructure for various dopant distribu-
tions chosen to yield the same two-dimensional electron gas
concentration. We show that potential fluctuations are mini-
mized (i.e., remote ionized impurity limited mobility maxi-
mized) if the deping profile is §-function-like. In the second,
experimental part of this letter we report cn Hall mobilities
of selectively doped Al Ga,; ,As/GaAs heterostructures
with different doping configurations, and compare the trend
of the experimental results with our theoretical predictions.

The conduction-band diagrams of two selectively doped
heterostructures with different doping configurations are
shown in Fig. 1. The doped region has a thickuess of z, and
its centroid is at a distance of z, from the heterointerface.
The doping configurations shown in Fig. 1 are represented
by the doping profile

Np(zy =NP/zdefz— (z, — 12,0 ]
—o{z—(z, + 12,3 1} (H

where the thickness z, is a free parameter, N2/z, = N, is
the three-dimensional (3D) doping concentration in the
doped layer, and o(z} is the step function. One can easily
verify that the doping profiles given in Eq. (1) result iz the
same electric displacement and potential at the hetercinter-
face for different z,. Thus, Eq. (1) provides different doping
configurations but identical free-carrier concentrations:
N2 = n,pps = const. Note that as z, increases the um-
doped Al Ga, _ , Asspacer layer {z, — z,/2) decreases, and
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simultaneously the 3D doping concentration N3°/z, is re-
duced. The trend of the mobility is, therefore, not cbvicus as
z, is changed. Present mobility calculations do not take into
account the randomness of the impurity distribution. Fur-
thermore, in the mobility calculations the total impurity pe-
tential is taken as the relevant scattering potential. However,
it would be more appropriate to use only the smaller ampli-
tude of the potential fluctuation as the scattering potential.
An analytic approzimation for the dependence of the elec-
tron mobility on the design parameters of the heterostruc-
ture has been proposed.’ However, subsequent work of the
author showed that the exact functional dependences are yet
to be determined.’

Next, we determine the magnitude of potential fluctu-
ations at the interface due to random impurity distribution
within the doped layer. First, we calculate potential fluctu-
ations analytically using unscreened Coulomb potentials.
Subsequently, we calculate potential fluctuations numerical-
Iy using screened Coulomb potentials. As shown in Fig. 2 the
volume element ¥, contains a mean total number of dopant
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FIG. 1. Schematic illustration of the conduction-band diagram of a selec-
iively doped heterostructure for different doped layer thicknesses and dop-
ing concentrations. The free-carrier density remains constant upon chang-
ing the doped layer thickness.
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atoms of N = N, dV. N varies from unit volume to unit vol-
ume due to statistical dopant distribution. The charge-den-
sity fiuctuation causes a potential fluctuation at the plane of
the heterointerface. The statistical variance of the potential
fiuctuation at the interface caused by one unit volume locat-
ed at {r,a,z) can be obtained using Poisson statistics. Using
unscreened Coulomb potentials for the impurities yields for
the variance of potential fiuctuations

do’ = (e/4mwe}’ Ny, dr rde dz(¥ 4 2°) ™', (23
where e is the elementary charge, @r rda dz is the unit vol-
ume V), in cylindrical coordinates as shown in Fig. 2, and €
is the permittivity of the semiconductor. The total mean po-
tential fluctuation at the interface is obtained by integration
over the entire doped layer

a;:fj do . (3

We restrict our calculation to charge floctuations occurring
within a screening radius ».. One obtains for z, €7,

» :277‘N§3D< ¢ )2 [(Z -.i‘i\)(in z, —z,/2 mi)
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and forz, >,
o = 7N 3 (e/dme)°ri/(z; — 123). (3)

We now minimize the variance of the potential fluctuation
with respect to the thickness of the doped layer. Calculating
do% /3z, = 0 for Eq. (4) and Eq. (5) yields that o7, is mini-
mized, if z,--{, that is if the doped layer thickness ap-
proaches zero. The doping profile is then given by the & func-
tion !>

Ny(z) =NP8(z +2z,). (6)

The minimum standard deviation of the potential is for z,
<7, given by

o, = (e/4re) 2nN B [1 — In(z,/r, ) ] 3? (7
and forz. > r,
oy = (e/bwe)(aN T} *r./z,. (83
With a two-dimensional (2D) screening radius given by'?
r, = (2e/*) (m#P/m*) =52 A, (%)
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FIG. 2. Doping configuration
used to calculate potential fluc-
tuations at the heterointerface

e HZ resulting from statistical do-
l pant distribution in the doped
Iayer.
1
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where # is Planck’s constant divided by 2o and m* | is the
effective electron n'as‘; As an example, for z, = 500 A and
N3P = 1% 10" cm™? one obtains from Eq. (8) a mean po-
tential fluctuation of 6, =2 mV,

The employment of screened Coulomb potentials rather
than unscreened potentials refines the above calculation.
The Coulomb potential of an impurity located at (7z)
screened by electrons which are assumed to be in the plane
z = 0 is given by'®

P(r.z) ::jr gA(g)J,(gr)dy, (10}
0
where J, is the Besse! function of zero order and
Ay =& T 1
d 47‘7’6 g+ /7, (b

For large #, the Coulomb potential screened by a 253 sheet of
electrons follows the proportionality

é(rzy~1/r (123

and decays more rapidly than the unscreened Coulomb po-
tential. The screened Coulomb potential is obtained by a
aumerical integration of Eq. (10) and then inserted in Eq.
(2). However, the minimization of potential fluctuations is
still achieved, if the doped layer thickness approaches zero.

The minimization of potentiai fluctuations is equivalent
to 2 maximization of remote ionized impurity mobility, since
the scattering matrix element is proportional to the magni-
tude of the scattering potential. Thus, the electron mobility
and the magnitude of potential fiuctuations obey a monoton-
ical relationship, which is valid even in the presence of
screening.

The Al 1, Gag - A8/GaAs epitaxial layers were grown
by molecular beam epitaxy in a modified Varian Gen I
system on semi-insulating (100) oriented GaAs substrates.
The layer sequence consists of an undoped GaAs/
Al, 5, Ga, 5o As superlatiice buffer, a 1.0-um-thick GaAs
channel layer, g partially Si-doped Al 10 Ga“ 0 As (5740 A)
layer, and an undoped GaAs (100 Ay top layer. The
Al ., Gag ., As contains two doped regions. "> The centroid
of the surface doped region accounts for surface depletion
and is located 150 A before the Al,.,Ga, ., As growth is
terminated. The surface doped region consists of four -
doped sheets with N 3,7 = 5.0x 10" cm ™~ ? separated by 60
A. The thickness of the doped layer close to the interface was
systematically varied between z, —0 Aandz, =800Aina
pseudorandom sample sequence. The centmld of the doped
region was kept constant at z, = 500 A from the interface.
The total 2D dopant concentration was also kept constant
N3 =50x10" em™? For improved parameter control,
10 8-doped sheets each with N 3 = 5X 10" cm ™~ ? separated
by z,/9 were employed.

Experimental Hall mobilities g (left ordinate) and car-
rier concentrations M,pne (right ordinate) of the samples
are shown in Fig. 3. The thickness of the doped layer is
changed as illustrated in the inset. The electron mobilities at
4.2 K range between 860 000 s,mz/V s for z, = 800 A and
4.53%10°cm*/V s for z, -0 A. Mobilities are measured in
the dark afier illumination. Electron mobilities clearly in-
crease as z, decreases as shown in Fig. 3 with the highest
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FIG. 3. Electron mobility (left ordinate) and electron density (right ordi-
nate) vs doped layer thickness of selectively doped heterostructures grown
by molecular beam epitaxy. The samples are grown sequentially with z,
=0, 500, 250, 800, 100, and 0 A, respectively. This displayed value for z,
— 0 A represents an average value. The densities and mobilities measured
before illumination are typically 15-35% lower but follow the same gualita-
tive trend.

mobility obtained as z, approaches zero. The mobility fol-
lows the gualitative trend predicted by the theoretical mod-
el. At small thicknesses of the doped layer, only minor
changes of the mobility are expected: Eg. (5) shows that the
change of the scattering potential becomes negligible as z,
approaches zero (ie., do,/dz, = 0 for z,—-0). We indeed
observe such a weak dependence of the mobility on z, as z,
—0.

Figure 3 further illustrates the carrier density as a func-
tion of the doped layer thickness. An increase of #,ppg 1S
observed as z, increases, whick is not expected if only shal-
low donors are taken into account. A probable cause for this
increase is the coexistence of shallow and deep donors in the
Al Ga, _As'®: Asz, increases, more deep donors are ele-
vated above the Fermi level in the doped region close to the
interface as illustrated in Fig. 1. Consequently, the deep do-
nors nearest the interface become ionized and the mobile
carrier density is enhanced. This concentration enhance-
ment is expected for carriers in the dark. It is apparently
maintained even after illumination in samples with large z,,
due to photcionization of deep donors closer to the interface.

In addition to remote donors in the Al _Ga, _  As, unin-
tentional shallow and deep impurities in the vicinity of the
interface reduce the carrier mobility. The infiuence of any
such static imperfection is reduced by screening. The mobil-
ity increases with concentration due to screening foliowing
the relation u ~ 15, with 0.5<F<1.5. Thus, the decrease
of mobility with increasing z, (see Fig. 3) would be even
more pronounced, if n,n, were independent of z,.

The electron mobility of the highest mobility sample
grown in the present series is shown in Fig. 4 for tempera-
tures 4.2 K <7'<300 K. The mobility is measured in the dark
{closed circles) and after illumination (open circles). At
7 =0.3 X the mobility is 5.5X10° ecm?/V s with n,54

= 2.6 X 10" cm 2. Even higher mobilities are achieved in

our molecular beam epitaxy system with increased z_.” Since
the 0.3 K mobilities approximately track the 4.2 K mobilities
for the samples investigated here, the 4.2 K mobilities are
indicative of the residual very low temperature mobility in
which ionized impurity scattering plays an important role.
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In conclusion, we investigated the role of dopant distri-
bution in selectively doped heterostructures. Statistical po-
tential variations at the heterointerface due to random do-
pant distribution are calculated using unscreened Coulomb
potentials and Coulomb potentials screened by a 2D sheet of
carriers. It is shown that ionized impurity mobility is maxi-
mized if the thickness of the doped layer approaches zero.
Experimental electron mobilities in selectively doped heter-
ostructures with different doped layer thicknesses show a
clearly increasing electron mobility, as the doped layer
thickness decreases. A low-temperature mobility of 5.5 10°
em?/V sis obtained in a selectively 5-doped heterostructure.
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