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Low-temperature electron mobilities due to ionized-impurity scattering in multisubband
two-dimensional semiconductor systems
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We present a theoretical and experimental study on the low-temperature electron mobilities due to ionized
impurity scattering in a multisubband quasi-two-dimensional semiconductor system. The scattering rate is
obtained from the solution the Lippmann-Schwinger equation in momentum space and the screening is con-
sidered within the random-phase approximation. A quantitative agreement is reached between the theoretical
and experimental results for both the quantum and transport mobilities.
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The electron mobility in two-dimension&2D) semicon- ence has existed since the very earlier work about the
ductor systems has been studied extensively. At low temperaransport properties in 2D systerti$. The discrepancy be-
tures, the mobility in most 2D systems is dominated by ion-tween calculated transport mobility due to impurity scatter-
ized impurity scattering. Surprisingly, the seemingly simpleing and the experimental results at low temperatures is usu-
impurity scattering mechanism is not fully understood yet.ally attributed to other scattering mechanism such as
Although the basic physics is clear, there are theoretical denterface roughness. However, with improvement of sample
tails which are difficult to calculate and problematic to testquality of the quantum well structures with almost perfect
against experimental data. A quantitative agreement betweeanterfaces in GaAs/AlGaAs heterostructures, this discrep-
the experimental measured electron mobilities and theoretancy still remains. In the present work, we are interested in
cal calculations is still lack. In the regime where the ionizedthe ionized impurity scattering dominated electron mobili-
impurity scattering dominates, the electron mobility is sensities. We study the Q2D system éfdoping layers where no
tive to several factors, such as the Fermi velocity, the overlajnterfaces are present, the low-temperature mobility is purely
between electrons and impurities, the screening of the eledetermined by ionized impurity scattering. On the other
tron gas and intersubband coupling through dielectric matrixhand, Zhang and Singh studied the electron transport in
as well as the wave vector dependence of the screening p&dGaN/GaN heterostructures. They found that even small
tential. Other factors also affect the electron transport such aamount of interface roughness has very strong effect on the
multiple scattering and weak-localization effects. In highly 2D electron gas properties. Low-lying electronic states are
doped samples, spatial correlation among the impurities castrongly localized and transport through these states is de-
also play roles. To confirm the contribution of the different scribed by phonon-assisted hoppfng.
effects, a quantitative agreement of theoretical calculations Why is the quantum mobility in quantitative agreement
with experiments is of particular importance to examine thewith the experimental results but the transport mobility is
validity of the theoretical model and to understand correctlynot? This leads to several speculations. First, does the solu-
the scattering mechanism. tion of the Boltzmann equation within the relaxation time

In a previous work, we studied in detail the electron trans-approximation yield correctly the transport mobility? This
port mobility and quantum mobility due to impurity scatter- question arises because the quantum mobility is obtained di-
ing in multisubband quasi-2D systems at low temperaturesectly from the scattering rate while the transport mobility is
and showed that the intersubband coupling plays an essentigdlculated from the Boltzmann equation within the relaxation
role on the screening and transport properti€Ehe electron time approximation. A possible factor to reduce the transport
transport and quantum mobilities are determined from themobility is the weak-localization effect which the Boltzmann
different scattering times connected to the average time beequation is incapable to deal with. However, previous study
tween the scattering events. The quantum lifetifoe the indicated that the weak-localization effect leads to a very
single particle relaxation timds the average elastic scatter- small correction only. Second, is the RPA theory capable to
ing time. On the other hand, in order to obtain the transportlescribe correctly the screening effects in the electron-
lifetime (or the momentum relaxation timeevery scattering impurity scattering events? It is well known that the RPA
event is averaged over its projection of the outgoing wavescreening violates the Friedel sum rule for an interacting
vector on the incident direction. In comparison with the ex-electron gas and yields negative electronic compressibility.
perimental results, the calculated quantum mobility was irThe reliability of the RPA theory in the impurity scattering
good agreement with the experimental results in the systerprocess is still an open question. Third, is the Born approxi-
with up to four occupied subbandsut the calculated trans- mation (BA) valid to describe the scattering events? Al-
port mobility was about two times larger than the experimenthough the BA is widely used due to its simplicity to calcu-
tal results even for the lowest subband. In fact, this differ-late the scattering rate, one knows it is not valid in many
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cases. Sahu and Patndlilclaimed that they examined the ) ) ) R ﬁ<|2 lu ,|l2><IZ|T ) ||Z>
condition of validity of BA in coupled double quantum well (kT [k} = (ki|u, n,|ki)+f Aok e iy
structure and found that it is satisfied in their systems. How- ' ’ ki—k“+ie

ever, their calculations neither went beyond the BA nor com- (1)
pared with experimental results. Other factors such as impu-

: . L Here, we extend the DMR method to multisubband scat-
rity correlations in highly doped systems could also affect, . ' ) .
the transport mobility, but they only slightly enhance thetermg problem in Q2D system. We also notice that for a Q2D

electron mobility': Multiple scattering could reduce the system of symmetrical confinement potential with two occu-

transport mobilityt? but it also reduces the quantum mobility pied subbands, the intersubband scattering potential van-

which was not expected. Considering previous theoretic |lshes. In this case, we need to carry out the diagonal transi-

studies and experimental results, we believe that the effec ségﬂjtg]ﬁg')éaileg ecr)ltz)staionnel)é Iirr]m g]ne irI;c?e egrl:gggtn V\?; tpoe;t etggh
of impurity correlation and multiple scattering are not domi- . PE y
nant in the present problem. conduction channeh. For the system with more than two

In this work, we study both the transport and quantumoccupled subbands, the intersubband interaction is finite be-

mobilities in multisubband Q2D systems. In the calculation,tween two subbands of the same parity. In this case, we treat

we obtain the impurity scattering rate from the numericaILheecgg'S??ﬁgr:2{;:&%;%”;?;;&?'?Stiifﬁofr?lzrfér:tpw;yex_
solution of the Lippmann-Schwingd€tS) equation. To do 9 '

this, we solve the multisubband LS equation in full 2D Press the LS equation in polar coordinakes (k, 6) as
space within the discrete momentum representafiérhis Rk

allows us to start with the scattering matrix within the BA. KT 1K = (kelunlk +f kdk-mor i 2
On the other hand, the screening is considered within the (ki[Talk = (unll? 0o K-K+ie @
RPA becauséi) the screening is basically one-particle prop-

erty, (i) more sophisticated screening theory STLS incIudingW'th

exchange and correlation effects yielded almost the same im- L T .

purity scattering rate in 3D syste.rﬁand (iii) quantitative fo(Ke, ki K) :f déks, kijunlk, 6)(k, 6| Tolki), (3)
agreement on the quantum mobility strengthens our confi- 0

deq_c;]ee %glihuelalgsr?ssg:seglnﬁe%otﬁrlttlgdo ed semiconduc- wherelk| =k = y2Ec . In Eq.(2), the first term on the right-
bp b I%and side is the first BA matrix element. We solve the above

tor systems and compared to our experimental results. Th tion th h it | di tization b .
eigenenergy and wave function are obtained by the selffquation through an ntegral discretization by an appropri-
ted quadrature set. In the numerical calculations, we first

consistent solution of the coupled Schrédinger and Poissoft . o .
equations and the mobilities a?e calculated f?)r each subban(a1ange the integration mterv(ao,oo_) for the radial part to an
as a function of the total electron density. Notice that in alllnterval (-1,1) through the relatiorx=(k-k;)/(k+kj) and
our calculations no fitting or adjustable parameters are usedfiS intérval is divided as 12 points of a Gauss-Legendre
Our main result in this work is that we simultaneously obtainNtégration quadrature, while the angular part is equally di-

the quantitative agreement between the theoretical and eyYided intol points in the G< 6= interval. This quadrature
perimental results for both the quantum and transport mobili@PPlication permits us to write the LS equation in matrix
ties. The long-standing puzzle about the electron transpofP'™m

mobility_in _2D systems may have a gimple expla_ngtion. Such T U + U807 4)
a quantitative agreement also confirms the validity of RPA n=>n"=n=n T

screening for the impurity scattering problem in 2D electronyhereG'? is the free particle Green function in the 2D mo-

tra'r&sfmr; lication of the LS equation in momentum s aCementum spacé’ The transition matrixT can be obtained
bp q P through a matrix inversion operation

to the problem of electron scattering on an atomic and mo-
lecular target can be found_ in the literatysee, fo_r examp_le, T.=(1- UnGO,n)_lUn- (5)

Refs. 14-18 The theoretical procedure consists basically

in carrying out the partial-wave expansion of the LS equationThe  scattering ~ rate is  given by (kg ,6)

and then numerically solving a set of coupled one-:(m*/ﬂ-ﬁ3)|Tn(an, 6)|?> from which we can obtain the elec-
dimensional LS integral equations in momentum spacetron mobilities!

Though this procedure is applicable in the present problem, Starting from the electron-impurity scattering rates within

it is not recommended once the calculation of the 2D partialthe BA, we obtain here the mobilities from the solution of
wave projection of the potential matrix elements requires thehe LS equation within the DMR in the Si-doped GaAs
knowledge of the interaction potential,,» in the real 3D  system. Thes-doping layer is 20-A thick and all the impu-
space. However, the LS equation can be numerically solvedties are ionized. The background acceptor density is taken
using the discrete momentum representati®MR) pro-  as 13* cm 3. In Figs. 1a) and Xb) we plot the ratio of the
posed by Polasekt all® and applied to the calculations of scattering rates obtained within the DMR and the BA as a
the e-H, (Ref. 13 ande™-CH, (Ref. 19 elastic scattering function of the scattering angle for the conduction electrons
cross sections. In this method, the transition matrix is writterin the first and the second subbands, respectively. The calcu-
in the full 3D momentum space using numerical quadraturdated results are presented for different electron densities
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FIG. 1. The ratio of the scattering rates obtained within the LS
equation and the Born approximation for conduction electrotiag)in = 8000
the first and(b) the second subbands for tidedoped systems with Z
different densities. 2 6000-
(Fermi energiesin the system. This ratio is larger than 1 as =
expected and it increases with increasing the scattering angle 4000 -
because the BA underestimates the scattering especially for
large-angle scattering. 2000
Figure 2 shows the theoretical and experimental results of
(a) the quantum angb) transport mobilities of the electrons
0 L L} L} T )

in the first and second subbands as a function of total elec-
tron density in the Sis-doped GaAs systems. In general, N (10%cm?)

both the quantum and the transport mobilities are reduced )

with the rigorous treatment of the scattering rate, but the FIG. 2. (a) The quantum an¢b) the transport mobilities for the
transport mobility becomes significantly smaller in compari-first (n=1) and secondn=2) subbands in thé-doped system. The
son to that within the BA. Quantitatively, the quantum mo- solid and dashed curves are obtained within the LS equation and the
bility is still in good agreement with the experimental results.Born approximation, respectively. The experimental mobilities are
At the same time, the transport mobility becomes very closéndicated by the symbols.

to the measured results. For the first subband, they are in
excellent agreement. For the second subband, though th

become close to each other, full quantitative agreement is n . ;
achieved yet. We believe the experimental results for th [hagnetoresistance measurement._They are e_st|mateq by the
' %o-called mobility spectrum technique which is considered
secqnd supband could be of a large error because they affe best way one can do. Even though, this method works
obtained with a two-subband model Whege th_ezre are actuallys asonaply well just for the system of two occupied subbands
three occupied subbands fidg>1.62x 102 cr™?. . with weak intersubband scattering, actually, in most cases,
~ The experimental measurements of the electron mobilityye can obtain reliable results for the lowest subband only.
in each subband are not a simple task in a multisubbanftrthermore, the ratio of the transport mobility to the quan-
systent* The subband quantum mobility, defined by thetum mobility is an interesting parameter. Fédoping lay-
quantum lifetime of the electrons in each subband, is obers, the experimental value is about 2 to 3 which is in agree-
tained with a relatively good precision by analysis of thement with the present theoretical results. It increases with
Shubnikov-de Haas oscillations of the longitudinal magneincreasing electron density.
toresistance. The error of the measured quantum mobility is To understand better the impurity scattering problem, we
in order of 15% for lower subbands. However, the transportalculate the screened impurity potential in real space due to

—
~
w
s
w
N
-~

obility (which determines the electrical conductiyitf an
dividual subband is difficult to be determined from the
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purity potential which is significant only for<<ag. There-
fore, the spatial impurity correlation only enhances slightly
the electron mobility! The BA is failed for the transport
mobility because the large-angle scattering occurs for short-
distance scattering. We show that the screening theory within
the RPA is good enough for the electron-impurity scattering
in doped Q2D semiconductor systems even with multisub-
band occupation.
In conclusion, we have studied both the electron transport
. and quantum mobilities in a consistent fashion in a Q2D
00 1.0 20 3.0 4.0 semiconductor system. We have achieved a quantitative
P (ag) agreement between the theoretical and the experimental re-
. . ) sults both for the quantum and the transport mobilities. We
FIG. 3. The bardthin curves and screenedhick curves im- a5y the method of the discrete momentum representation
purity poten_tlal at the=0 plane in the real space for electrons in ¢, i Lippmann-Schwinger equation to study the multisub-
t,\*l‘e_fl'[flg(s"'_'g %"Y?Agnd t\r}e Sf%%ngdzsged_(;’sﬂg%ssub\t;a”dsd' band ionized impurity scattering and the electron transport in
Ee_=4 18CT16{/ %Fne.insé?eshg\jv‘as_the' Friédgllascil.latiorzz 818 52D systems. Our results show that is the widely used BA
F2m ™ ' ' responsible for previous higher theoretical transport mobility.
) ) On the other hand, our quantitative agreement between the
a multisubband Q2D electron g%fsWe_ obtain the electron-  theory and experiment for both mobilities confirms that the
impurity interaction potentiaily(p,2) within the RPAfor an  gcreening within the RPA for the ionized impurity scattering

electron at’=(p,2) in subbanch (the impurity is at=0 and  gescribes the multisubband electron transport in Q2D sys-
center of thes layer isz=0). Figure 3 shows the bare and tems reasonably well.

screened potential in real space at the0Q plane in the
S-doped system. The screening reduces substantially the im- This work was supported by FAPESP and CNBeazil).
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