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HOLE MOBILITY IN MODULATION-DOPED
HETEROSTRUCTURES: GaAs-AlGaAs

Wladyslaw Walukiewicz
Center for Advanced Materials
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720 U.S.A.
Abstract
A comprehensive model for the hole mobility in a two-dimensional hole gas
confined at a modulation-doped heterostructure interface is proposed. All the
major scattering processes in the two uppermost spin subbands are taken into
account. The calculations are substantially simplified by effects of a strong
free hole screening. The model explains quantitatively experimental results
of the temperature dependence of the hole mobility. It is shown that at large

spacer widths, the predicted mobility limit exceeds 2 x 105 cm/Vs and is

entirely determined by acoustic phonon deformation potential scattering.

Introduction

Recent years have witnessed an unprecedented growth of interest in two-

dimensional electron gas systems. A number of new phenomena such as frac-

1 2,3

tionally quantized Hall effect™ and extremely high electron mobilities have

been observed for the electron gas confined at the interface of GaAs-AlGaAs mod-

ulation-doped heterostructure (MDH)4’5. In this system, the highest reported

6 2

mobilities exceed 2 x 10 cm2/Vs . At present, the role of different scatter-

ing processes limiting the two-dimensional electron gas mobility is quite well

understood6'8.
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Considerably much less effort has been directed towards the sﬁudy_of two-

dimensional hole systems, although it is believed that such systems are inter-

esting not only from the point of view'bf fundamental physics, but also becéusé

they may have important practical app]icationsg.‘ In_a number of recently
published papers, various aspects of the two-dimensional ho]é‘gas in GaAs-

10-14

AlGaAs have been studied .. It_has'been'shown that improved modulation

11,14

doping techniques lead to increased hole mobilities . To date the highest

réported ho]e’mobilityvjs'ﬁ:9;7 X 104'cm2/Vs at‘4.2 K14. Although experimental
data on hole mobi]ity is aCCumu1ating, there'has been no attempt to formulate
a theoretical model which cbqu explain the existing data and predict hole

mobility limits in p-type MDH's.

'VIn this paper we show for the first time that the present Undersfqnding of
the-electhoniclétr0cture of:p—type GaAs-Al1GaAs MDH's allows the formh1ation_of
a relatively simple model of the hole mobility. The model assumes that the
holes are.confined in a.triangu]af quantum well on the GaAs side of the inter—
face. A lack of the inversion symmetry and strong spin-orbit coupling in this
system résu]ts in splitting of the fourfold degeneratevva1encé band into a

series of subbands. The two uppermost heavy hole spin subbands are degenerate

> .

for k = 0 and are well separated from the lower lying subbands so that for typ-

13

ical hole concentrations, only the highest subbands.are occupied”~. Because

these two subbands have different spins, there exists no substantial inter-
subband scattering for all the important scattering processes. Scattering

rates can be ca]cd]ated separately for each subband.. They can be combined

according to the well-known formula for ‘the total Hall mobi]ityl6; Recent

theoretical results show that in a limited energy range, these two highest sub-

13

bands are parabolic™~, and therefore, they can be characterized by effective

e =
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masses ml* and m2*. Adapting results of Ref. 15, one finds that the
z-component of the envelope wave function for the hole gas confined in a trian-

.gular well can be written in the form:

(22
z exp (—5

*n(2) = ——; (1)

(—5)
where bg = blg + bzg : (2)
330 m: el
b3 B j (3)
ih ~ 2 t? P
€

P; (i = 1,2) is the hole concentration in the i-th subband.

Scattering Rates

There are a number of scattering processes which have to be considered for

a two-dimensional hole gas in MDH's. In addition to all the scattering mechan-

8

isms important for n-type MDH™, one also has to take into account optical

phonon deformation potential scattering. This mechanism plays an important

role in limiting high-temperature hole mobility in bulk GaAsls.

The long range electrostatic potentials are screened by the two-dimensional

hole gas. The screening parameter is given by the expression:



hé(py + p,)
where .a = =3 3
' . (ml + mz) kT

For a degenerate hole gas at low temperatures, a >> 1 and,
* *
Z(ml + mz) .

 eSh

It should be noted that aq is much larger for holes than for the much lighter
electrons. Using the aforementioned approximations, it has been found that. the
acoustic phonon deformation potentia1 scattering rate_for'no]es has the same

. form: as the one for-e]ettronsl7’8 wi_th_bo replaced by b,, and the conduction
~band deformation potential replaced by V5/8 EAC wheré‘EAC is an effective

valence band deformation potentialls. The factor V5/8 accounts for the p-type
symmetry'of“tne va]ence band Bloch functions. The deformation potential relax-
ation timendoes not depend on the hole energy. It'weék]y depends on tne hole

‘vconcentratjon through the parameter b
g

he In contrast to the two-dimensional

electron gas~, the piezoelectric acouSticrphonon scaitering of holes does:
not contribute to the tota].ﬁcattering. Tnfs is the‘resu]t of very efficient
screening of this e]éc;rostatic interaction. Alloy disbrder scattering is a
process resulting from a finite penetratinn.of the hole gas into thé AIGaAs
layer. Just as for the electron gas, thié scattering process depends on' the
' 8

. valence band offset, Voh’

and the totéT free carrier concentration, Py +.pé
Although in MDH's the ionized impurity scattering is substantially reduced,

it still plays a significant role in limiting the low temperature mobility.

Similarly as in the case of a two-dimensional electron gas,vthe holes in p-type

MDH's are scattered by remote, ionized impurities from the nighly-doped AlGaAs
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region and by background impurities located in GaAs. The remote impurities are
separated from the hole gas by the spacer of width "d". The width of the
depletion region in hjghly doped AlGaAs is (L - d) = (pl + p2)/Nr where N_ is
the remote ionized acceptor concentration. It can be shown that the remote ijon-

2qd -2aL where q is the

ized impurity scattering rate is proportional to e -e
wave vector transfer in the scattering process. Therefore the.1argest contribu-
tion to the scattering comes from the terms with q < 2d. For the spacer width,
d > 100 R, one obtains qg >> g and bh >> q and the expression for the micro-

scopic mobility has the form:

4 * % D ~a\=2 =3/2
1 h Nr(m1 + m2) (1-e )" E Cl— _ l_) (6)
ul 8VZ Vi ¢ L

In high quality MDH's, the concentration of residual impurities is normally
very low L§1015 cm'3). However, since residual background impurities are
located in the immediate vicinity of the hole gas, they can stii] contribute to
the total scattering. There is no simple analytic expression for the back-
ground impurity scattering ratels. To estimate a contribution from this
scattering process at low temperatures, we have used the approach developed

8 and have adapted it to the subbands with p-type symmetry.

for n-type MDH

Optical phonon scattering plays a very important role in limiting the high
temperature hole mobility. Analogous to the case of a two-dimensional elec-
tron gass, it can be argued that because hole states in a wide energy range
are involved in this scattering, all the features characteristic of a two-
dimensional system are smeared out and the optical phonon electron mobility
can be approximated by the mobility calculated for three-dimensional hole gas.
Here we adopted an approach wnich utilizes an approximation of partially

coupled valence Dandslg.
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Results and Discussion

Thejvalénce band parameters of GaAs are not véry well known. Thus, there
efots subﬁtantial discrepancy between hole effective masses determined from
eiperimehislo and those obtained from,theoretfca] calculations!3. The reason

for thjs'discrepahcy fs-not clear at'presentAa1though”it haS'been'suggested that
itvtan be related tobhole—hoie 1nteraction13; In the presentvpaperzwthave
édopted experimenta]vvg1ues'for_the effectivg-masses_ml-: 0.6 m) and m, =
v0.38,m§»l0. Values of the valence band off§ets were adppted after Ref. 14 to
'.'be.170 meV and 210:meV for 0.48 and 0.5 Al content, respectively. It hés'been

20

found that even with. the highest reported“” estimate‘for the alloy disorder

$cattering parameter (V h = 0.7 eV), the alloy disorder scattering contribution

0
"to the total scattering does not exceed 10%. - Values of all the other para--

meters are the same as those used in Ref. 8.

The hole Hall mobility for differeﬁt stattering"pfocesseé;is shown in

Fig. 1. . The inherent mbbi]ity ﬁimit fs défined as a mobility'determined by
vthe.intrinsic scatterihg processes which are always present for a specific MDH
and by remote ionized impurity sCatterings. We find thét the inherent mobi1f'
ify is dqminéted by the opticé] phdnons at high_temperafures > 150 K. "In the
“inteérmediate temperature range 20 - 100 K, the. largest contribution to fhe
mobility comes from the acoustic deformation potential-scattering. We héve
found that the best agreement with experimental data is obtained when the
value 6.7 eV for the deformation potential is used. This value is slight1y
higher than the effective deformation potential EAC = 5 eV as given in Ref. 16
but agrees very well w%th the vé]ue EAC = 7.eV as determined in Ref; 20. At

the lowest temperatures'T < 10 K, remote ionized impurity scattering sets the

[}

ﬁ.

i
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inherent mobility limit. The alloy disorder and piezoelectric acoustic phonon
scattering do not contribute importantly to the total scattering. The piezo-
acoustic mobility is ~ 107 cmZ/Vs for the case presented in Fig. 1. The
triangles in Fig. 1 represent experimental data of Ref. 11. At nigh tempera-
tures T > 100 K when the inherent mobility limit is set by phonon scattering,
the experiment agrees very well with the calculated mobility. However, at
lower temperatures the experimental mobility falls below the inherent limit
which is determined mostly by remote impurity scattering indicating the exis-
tence of yet another scattering mechanism. The scattering process which most
likely would contribute to the scattering at low temperatures is background
impurity scattering. The calculations have shown that the background impuri-

-3 resulting in a temperature independent hole

ties of concentration 4 x 1015 cm
mobility of ~ 9 x 104 cm2/Vs account very well for the difference between the

inherent 1imit and the experimental data.

Spacer width dependence of the hole mobility for GaAs-—A]O 5Ga0 5As MDH with

remote acceptor concentration 1.5 x 1018 cm"3 which corresponds to the case

analyzed in Ref. 14 is given in Fig. 2. As can be seen, only at the lowest
spacer width ~ 100 A is the inherent mobility limit affected by remote impurity
scattering. At higher spacer widths the limit is entirely determined by acous-
tic deforhation potential scattering. The highest experimental mobility 9.7 x
104 cm2/Vs was observed for d = 443 A14. The corresponding inherent mobility

5

limit is 2.1 x 10 cmz/Vs indicating a significant contripbution of background

scattering. The difference between the experimental and calculated mobilities
can be accounted for by background impurities of concentrations ~ 1015 cm'3.

It can thus be concluded that a further increase of two-dimensional hole gas

- mobility is expected upon a decrease in background doping. Our calculations
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show that at large spacer widths,.the acouétic:deformation potential is the
dominant scattering process. at very low temperatures. Therefore the two-dimen-
sional hole gas is an ideal system to study the effect of hole gas ‘heating at
low electric fields. This effect was pﬁedicted to occur in the electron gas at
very low temperature521, ‘However, it cannot be easily detected in-tpe two-
dimehsional e]ectron'gps where,:unlike for‘hbjes, remote impurity.scattering- £

is always an important process limiting the low temperature e]éctron mobi]itys.

+In Fig. 2 the total ng?e coﬁcentration pi'+ pé;vandvthe Ha]] ho]e:concentra-v.
tion;PH_: I/eRH are givén...ln general, p1f+‘p2 t-PH and the difference between
these two concentratipns depends on the effective mass and the,mobi]jty ratio.
We have found that the difference is quite signif1¢ant for acoustic phonon
.]imited mobi]itiesiand is.bécoming sma]]ef_whenvionized imerity scaftering is

a dominant scattering process.

in cbncluéion, we héve presented the first quantitative model tovcaléulate_'
the two-dimensional hole gas mobility in p-type MDH. The model accounts very
weil‘for the temberaturé deperidence of the hole mobility in GaAs-AlGaAs MDH.
Iﬁ ﬁas been fodnd,that»fhe_acoustic phonon deformation potential is the domi-
nant scaptering process responsible for mobility limits at low tehperatures.
. The model ines a value of ~2 x 10? cm2/Vs for the mobi]ity limit in p-type

2

GaAs-AlGaAs MOH at 4.2 K for the hole density ~ 2.5 x 101 em™2. Tnis result

is about two times higher than the highest reported experimental values.
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Figure Capt1ons

1. Temperature dependence of the hole mob1]1ty in GaAs-A]GaAs

heterostructure. Po1nts represent experimental data of Ref. 10 for

the hole Hal] concentrat1on of 4.57 x 10ll m'2 and remote

- acceptor concentratlon_of 2 X 1018'cm 3.

Fig. 2. Hole mobility and concentrat1on as funct1ons of the spacer w1dth for

the case cons1dered in Ref. 14 w1th a remote acceptor concentration

of 1.5 x 1018 em=3.
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