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Theoretical and experimental investigation of doped-channelp-type quantum wells
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The influence of ionized impurity scattering on the hole mobility ind-doped-channel AlGaAs-InGaAs
quantum wells is investigated. Improvements by a factor of 2.5 were observed experimentally when moving a
d-doped impurity plane across the quantum well towards an interface, highlighting the scope of selective
doping and wave-function engineering techniques to enhance the transport mobility of such devices. Theoret-
ical hole mobility calculations were performed and reveal an overestimation of the transport mobility, common
to the random-phase approximation~RPA!, that is much stronger forp-type structures than forn-type struc-
tures. This effect is partially attributed to an underestimation of the screening charge distribution width. Using
a lower limit for this distribution of around 50 Å, it is shown that the RPA can provide accurate predictions
between samples with different impurity distributions and densities.
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I. INTRODUCTION

Heterojunction field effect transistor~FET! designs based
on the modulation-doped high electron mobility transis
~HEMT! approach have been widely used to produce dev
with high operating speed. However, as the sheet carrier
sity in these modulation-doped devices is limited by the ba
offset, there is a considerable interest in doped-channel
vices for high power applications. These give an increa
carrier density and current capability, but at the expense
degraded mobility.1,2

When designing such channel-doped structures,
would obviously like to minimize the effect of ionized im
purity scattering on the device performance. Selective d
ing ~using, for example,d doping! or wave-function engi-
neering techniques can be used to tailor the position of
carrier distribution and achieve a maximum separation w
respect to the impurities. The work by Masselink3 showed
that moving the impurity plane towards the quantum-w
interface in ann-type channel-d-doped quantum well~QW!,
thereby reducing the wave-function overlap, can result i
considerable improvement in the low-temperature mobil
Our group recently reported on a series ofn-type device
structures which demonstrated the possibility of obtain
doped channel structures with a high channel den
('531012carriers/cm2) combined with a high mobility and
saturation drift velocity comparable to existing device4

This was achieved by using a combination of edge-d-doping
and grading the InxGa12xAs quantum well, thus achieving
separation between the carriers and the impurity plane.

This paper specifically concerns the investigation
p-type channel-doped AlGaAs-InGaAs structures. Expe
mental results for the hole transport mobility in a set
channel-d-doped AlGaAs-InGaAs QW’s are compared wi
PRB 610163-1829/2000/61~7!/4445~4!/$15.00
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the results of a theoretical model of carrier transport based
the random-phase approximation~RPA! formalism.5–7 This
work thus provides insight in the scope of selective doping
optimize high-density hole gas structures for device appli
tions, as well as information about the accuracy of the R
model when applied to hole structures.

II. EXPERIMENTAL

Two sets ofp-type 60 Å InGaAs-AlGaAs QW’s were
grown by molecular-beam epitaxy~MBE!, all consisting of a
1000 Å Al0.33Ga0.67As buffer layer grown at 580 °C, fol-
lowed by 2000 Å Al0.33Ga0.67As over which the temperatur
was gradually lowered to 510 °C, a 60 Å In0.15Ga0.85As QW,
2000 Å Al0.33Ga0.67As over which the temperature was in
creased to 580 °C, capped by 100 Å GaAs. This first set~A!
contains six samples,d doped at either 2.031012cm22 or
3.531012cm22 at the center of the QW, at 15 Å from the to
QW interface, or at 5 Å from the top QW interface. Fro
now on, the latter three doping positions will be referred
as center,34, and edge doped. The structures of the second
~B! contain fourd-doped planes. Two of thed-doped planes
were placed in the well at 5 Å from the top and bottom
interfaces, the first sample doped at 1.2 and the secon
1.731012cm22. The two otherd-doped planes were place
in the barriers at 30 Å from the top and bottom interfac
respectively, doped at 0.65 and 0.8031012cm22, providing
an additional 1012 carriers cm22 to the QW~the rest of the
carriers are expected to be lost to the surface and substr!.
The structures were set up such to exhibit a symmetr
confinement potential to avoid the lifting of Kramer’s dege
eracy that can become significant in unsymmetrical str
tures at such high densities. X-ray diffraction revealed
slightly lower indium composition than specified in set B
4445 ©2000 The American Physical Society
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about 13%. Note that special attention was paid in the de
of all structures to ensure that only one subband was po
lated.

The structures were analyzed by Hall and resistivity m
surements, both at room temperature and at 77 K. It pro
impossible to determine the quantum mobilities because
the low mobilities of suchp-type channel-doped devices.

III. THEORETICAL MODEL

The theoretical model consists of two separate parts. F
to obtain the carrier density, envelope functions, subb
occupancies, and band structure, a self-consistent Pois
Schrödinger~SCPS! solver is used~Sec. III A!. The obtained
quantities are then translated to experimentally verifia
quantities like the Hall mobility and Hall density via an ion
ized impurity scattering model~Sec. III B!.

A. SCPS calculations

The self-consistent Poisson-Schro¨dinger solver used in
this work has previously been successfully applied to
investigation of n-type d-doped QWs.8 However, the
valence-band dispersion relations are now calculated usi
six-band effective-mass model which has been reduce
two 333 Hamiltonians9 using a unitary transformation. Be
cause of the added complexity of the unitary transformati
inner products between wave functions are evaluated wi
a simpler four-band approach as the spin-orbit compon
only accounts for a very small fraction~of the order of a few
percent! of the total wave function. The four-band approx
mation is thus not expected to significantly affect the wa
function overlap.

The valence-band lineup was determined by taking
valence band of GaAs as a reference level and using the
offset ratios given by Refs. 10 and 11. All other mater
parameters were taken from Ref. 12. It is assumed that
substrate is in charge equilibrium and that the Fermi leve
the top air-GaAs interface is pinned at 0.4 eV above
valence band. The latter value, which is not critical for t
wide barriers as used in this work, is in qualitative agreem
with Ref. 13.

B. Impurity scattering in heterostructures

The presence of an ionized impurity in an otherwise p
fect crystal introduces a potential fluctuation that can ca
the electrons to scatter. This potential fluctuationf(r ) is
equal to the Coulomb potential of the impurity itselffext(r )
plus the accompanying screening potential, which can
seen as a response of the system to the introduction o
charged impurity.14 Various methods to obtain the exact tot
potential fluctuation have been proposed15 but there is a
much more convenient implementation of the effects
screening, as it follows from Fermi’s golden rule that on
the projection of this total potential on the initial and fin
wave functions involved in the scattering processcn andcn8
are required,f̄nn85^cn(r )uf(r )ucn8(r )&. As a result, the
screening effects can conveniently be accommodated by
troducing a dielectric response matrix«nn8,mm8 . In this paper
the screening of the Coulomb scattering potential is ta
into account within the random-phase approximation~RPA!
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which has proved to be very successful.5–7 Despite its appar-
ent complexity, this approach reduces to the much simp
Thomas-Fermi approximation~TFA! in the long-wavelength
limit. We will not give the explicit form for the RPA dielec-
tric response matrix as it has previously been presente
the literature.16,17

Using the dielectric response matrix to describe the s
tering potential, it follows directly from Fermi’s golden rul
that the scattering rate per unit angle for a transitionun,k&
→un8,k8& in a d-doped system is given by

Gnn8~u!5
m* e4ND

8p\3~«0« rq!2 (
m,m8

U«nn8,mm8
21

~q!

3E dz fI n,k~z!• fI n8,k8~z!exp~2quz2zi u!U2

,

wherem,m8 run over all subbands,ND is the impurity den-
sity of thed-doped plane located atzi , fI n,k is the envelope-
function vector toun,k&. All other variables have their usua
meaning. The total transport scattering rate (tnn8

t )21 for a
given transition is then obtained by including the form fac
@12cos(u)# and integrating over all angles. The above mod
reduces to that of Masselink3 and Thobel18 when modeling a
single conduction-band level. In this case, the carrier mo
ity is directly given bym5et11

t /m* and the dielectric re-
sponse matrix takes the form«(q)5@111/2a0* q#, wherea0*
is the effective Bohr radius. Note that all effective mass
should be taken asm* (E)5\2k(]E/]k)21 as this is the
relevant definition of effective mass when modeling an e
semble of carriers.19

The situation is slightly more complicated in the valenc
band case. To comply with the previous literature, we n
write fI n,k8 (z)• fI n8,k8(z)5gn,k(z)gn8,k8(z)Gn,n8,k,k8 . Here

gn,k5u fI n,ku such thatgn,k
2 denotes the probability distribution

perpendicular to the direction of the quantum well. Ehren
ich’s overlap functionGnk,n8k8 ~Ref. 20! originates from the
fact that the hole wave function at finitek is no longer de-
scribed by a single envelope function. Rather, it is now giv
by c5( i f

iui0 , whereui0 are the zone-center solutions an
the summation overi runs over all bands explicitly used i
the effective-mass expansion. The overlap function thus c
tains all the effects imposed by band mixing. Analytic e
pressions forGnk,n8k8 for bulk material have been presente
by Wiley21 and show that the overlap function deviates s
nificantly from unity. Figure 1 shows the results obtained
various two-dimensional QW structures. As expected, qu
tum confinement and strain reduce the band mixing and p
the overlap function for low in-plane momentum to unit
However, it is clear that the overlap factor has to be tak
into account at higher densities.

Temperature effects are neglected in the evaluation as
thermal broadening at 77 K is smaller than the energy sc
at which an appreciable change of the effective mass occ
As the contribution of phonon scattering is negligible f
such heavily doped structures at this temperature, the exp
mental results are directly comparable to the theoretical
culations which are effectively performed at the absol
zero.
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IV. RESULTS

Earlier RPA calculations have proved the accuracy of
approach when calculating quantum electron mobilities.
contrast, transport mobility calculations in the RPA are ha
pered by a consistent overestimation of the predicted mo
ties when compared to experimental results.3,7,17 However,
fairly accurate results for the transport mobility can be o
tained by adopting an empirical scaling factor of about
The origin of such a scaling factor is thought to be caused
the presence of electron-electron (e-e) scattering. One has to
note thate-e scattering is momentum conserving, so that
process itself does not affect the mobility. However, it c
negatively affect the mobility by scattering carriers to pa
of the Brillouin zone that are stronger affected by the ot
available scattering mechanisms. Its action is thus not
scribed by Matthiessen’s rule, but rather by a scaling fac
such as introduced earlier. To illustrate, Appel22 obtained a
ratio of 1.72 between the conductivity with and withoute-e
interaction for an ionized impurity limited bulk semicondu
tor. Lyo23 performed a similar calculation for two
dimensional heterostructures and obtained a limiting sca
factor of 2 when thee-e scattering rate is much larger tha
the ionized impurity scattering. Hu24 finds a scaling factor
that depends on the position of the impurity plane for a s
tem with a much lower electron density than featured in t
work of 1.531011cm22. This factor takes the value of abou
1.67 when thee-e interaction becomes dominant. All of thi
supports the view that electron-electron interaction is
main cause for the observed deviation between experime
and theoretical ionized impurity limited mobility inn-type
structures.

Turning to thep-type structures of this work, it is found
that the discrepancy between the theoretical and experim
tal transport mobility is substantially larger. Not only do th
theoretical results now overestimate the mobility by a s
stantially higher factor of approximately 8, but the predicti
for the trend of set B is also inaccurate~Fig. 2!. Obviously,
insight of the cause of the discrepancies is required to be
to successfully use the RPA to model hole devices. Althou
hole-hole interaction effects are expected to add to the s

FIG. 1. Calculated values for Ehrenreich’s overlap function c
responding to an intraband transition in the lowest-~heavy-! hole
band (hh1) at various values for the in-plane momentumk. All lines
correspond to a flat band Al0.33Ga0.67As-InxGa12xAs. QW Dotted
lines: x50%/100 Å wide; dashed: x515%/100 Å; solid:
x515%/60 Å.
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ing factor, it seems unlikely that such an indirect mechani
would solely account for the observed deviation. Thus,
scattering is well understood, it follows that the most like
cause for the deviation is an overestimation of the screen
effects.

The TFA and RPA predict that the screening char
around an impurity is located within a distance of the ord
of the effective Bohr radius. Incoming holes with a wav
length much longer than this radius will not scatter as th
will not be able to resolve the separation between impu
and screening charge, and effectively see zero charge
contrast, holes with a wavelength shorter than this rad
would be able to see the individual components and t
scatter.

Since we are essentially modeling the Fermi contour,
have so far been using a screening charge distribution w
related to the Bohr radius of that of the carriers at the Fe
energy. However, this results in an overestimation of
screening as the carriers nearer the band edge simply ca
produce such a narrow distribution due to the nonparab
dispersion and lower mass. Furthermore, we find that
Bohr radius becomes comparable to the two-dimensio
~2D! Wigner-Seitz radius (r s→1) for effective masses
around m* 50.12m0 at 1012cm22 or m* 50.21m0 at
331012cm22, compared to a typical value ofm* 50.3m0
for the structures presented in this work. As a result,
indeed expect the RPA to break down when modeling hig
dopedp-type structures as the screening charge distribu
such as predicted by RPA is too narrow to be sustained
the available hole system.

One possible method to obtain a realistic screening cha
distribution width is by imposing a maximum limit to th
screening mass in the dielectric response matrix. It is imp
tant to note that changing this mass only affects the distri
tion and not the amount of the screening charge. Fixing
screening mass would result in a mass dependency of
hole mobility at low temperature ofm}(m* )22. Such a
mass dependency was actually observed by Fritz25 in a set of
In0.2Ga0.8As-GaAs QW’s for hole masses abovem*
50.14m0 . The latter corresponds to a Bohr radius of abo
50 Å, and provides confirmation that a lower limit to th
distribution width is a reasonable assumption.

Figure 3 shows a comparison between calculated and
perimental mobilities, similar to Fig. 2, but now using
screening mass ofm* 50.14m0 in the dielectric response

-
FIG. 2. Calculated and experimental~77 K! hole mobilities. The

theoretical mobilities were scaled by a factor 8.
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matrix only. All other parameters were unchanged. Sligh
better overall agreement between theory and experimen
obtained. This is especially visible in the trend in the stru
tures of set B where now correctly a decreasing mobi
with increasing density is predicted as the mass depend
in the screening has been eliminated. The scaling factor
also been reduced to 4.5, which is in better agreement
that found in electron mobility calculations and the cor
sponding explanation in terms of hole-hole interaction. T
fact that the high-density edge-doped structure of set A h
slightly higher experimental mobility than that predicte
theoretically can be explained by segregation effects
simple way to simulate this is to reevaluate the mobility
a structure in which the impurity planes have been sligh
shifted towards the surface, although in practice not all
impurity atoms will move. Only the edge-doped structures
set A are markedly influenced by segregation effects, a s
of 2 Å increases the mobility by about 15%. A final point

FIG. 3. Calculated~scaled by a factor 4.5! and measured~77 K!
hole mobilities. The vertical dotted lines indicate the theoreti
predictions for the carrier density, assuming all acceptors are
ized.
n
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be made is that the low-density structures of set A are to
considered less ideal for comparison with theoretical calc
lations than the high-density structures, because of the r
tively large deviation between the experimental and theor
ical carrier concentration. The presence of unioniz
impurities or enhanced surface losses could explain the r
tively low experimental mobility of the center-doped struc
ture.

V. CONCLUSIONS

It was shown that the discrepancy between the theoret
and experimental transport hole mobility in two-dimension
heterostructures calculated within the RPA is substantia
larger then that found in the electron case. It was postula
that the larger hole mobility scaling factor is at least partia
caused by an underestimation of the screening charge di
bution width in such a nonparabolic system.

A first attempt to account for the latter was done by a
justing the effective mass in the dielectric response mat
An upper limit of this effective mass ofm* 50.14m0 , cor-
responding to a lower limit of about 50 Å for the screenin
charge distribution width, was deducted from literature r
sults. Despite the relative simplicity of the approach, it w
shown that the predictive power of the RPA scattering mod
is increased and can now provide reasonable accurate q
tative predictions for the transport mobility inp-type two-
dimensional hole gases. Unlike the conduction-band ca
there is no theoretical work available that describes the c
tribution of hole-hole scattering to the scaling factor in two
dimensional hole gasses.
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