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Summarcy

We derive a simple analytical formula for the low
field mobility which uses 2-d degenerace scaciscics
for the 2-d slectron gas. It also takes into account
the finite width of the deplecion layer in (Al,Ga)As
(which affects primarily impurity scattering), scat-
cering by the charged incerface scates and polar opci-
cal and acoustic phonon scattering. The maximum mo-
bility for a given scructure is decermined by scatter-
ing by the interface charged scates. The ultimacte mo-
bility which may be achieved is llmitnd by acoustic
phonon scattering at about 8x10% cm®/vs for a 2-d
electron gas density of ngg4 = 4xiotl cm~2. Our
results agree very well with our own and other
experimental daca.

. Introduccion

In modulation doped structures a two dimensional
electron gas is formed ac the (Al,Ga)As/GaAs heterc-
interface due to.che elactrom affinity difference
becween two materials. The elactrons are saparaced
from the donors in che (Al,Ga)As by a thin spacer
layer which decreases the impurity scattering aand
enhances the eleccronm mobility.* Screening of the
Coulomb potential by the electrons in che inversion
layer also enhances the unhtli;r.z thus extremaly high
valuas of low field mobilicy have been observed in
modulacion doped (Al,Ga)As/GaAs :tructurua.j'j

In this paper we derive a simple analytical for-
muls for low field mobilicy. EEE approach is an
extension of exiscing theories buc uses 2-d degen—
 erate statistics for the electron gas. It also takes
into account the finite width of the depletion layer

{n (AL,CGa)As (which affects primarily impurity scac—
" tering), scattering by the charged interface states
and the polar optical and acoustic phonon scactering..

The mobility limited by the remoce donors in the-
(Al,Ca)As layer is shown to increase "E?&.Ehl chickness
of the undoped spacer layer, d;, as dy . The ulci-
mata value of the mobility which may be achieved is
limited by the acoustcic scattering at abouc 8x10%
cnz Vs for a 2-d electron gas density, Ny = 4.10

cm We also show chat the maximum experimencal mo-
bilities are limited by scactering by charged” incer-
face staces. Our results agree very well with experi-
mental daca obtained in our laboratory as well as
ocher labara:ari::.*l

[I. Scactering Mechanisms

A. lonized Impuricy Stancaftng Due to Bemocte Oonors

In a modulacion doped struccture extremely high
electron mobilicy is obtained by separating the free
carriers from che donors in (Al,Ca)As (see Fig. l).
The momentum relaxacion time (rgy) for electrons in
the i=-ch subband due to the remote donors: &

& 3.2 I
(L/tg,), = (e mN, /8MN'€ q)f d8 !:up{-iql.isi.nﬂ}

L
- erp{—a’ml.'isinﬂ ] simd /(2q sins - 5131 (1)

UGIM—23, TEXAS A&M UNIV,

t )

=

CH1906-7/83/0000-0173 $1.00(C) 1983 [EEE

Here ¢ Ls the eleccronic chargh, m is che effective
mass, N4 is the remoce lonized ilmpurity densicy as-
sumed to be uniform (see Fig. l), i is the reduced
Plank conscant, € is the dielectric permittivicy of
CaAs, q Ls che two dimensional electronic wave vector,
Sy is che screening constant of the i-th subband (here
only incrasubband scacctering within the i-th subband
{s considered) and Ly = dy + Zy where d4y is the thick-
ness of che spacer layer and Zj is che average dis-
tance of the eleccronic wavefunction penetracion inco
GaAs. Equaction (1) accouncs for the finite width of
the deplecion layer in the AlGaAs through Ly =d, + 2,
+ dy where dy + d| is che discance from the hecero-
junction interface for the boundary between the deple—
tion and neutral region (see Fig. 1). For values of
Neg > 10l! ca~2, the incegral in Eq. (1) can be evalu-
ated analycically, because small values of & decermine
the integral.

The resulting expression for the momentum relax-—
ation time in che O-cth- subband is:

3 2'351
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B.. lonized lmpurity Scattering Dua to Intecface

Charge Statces

A two dimensional gas is formed at the GaAs side
of an (Al,Ga)As/CaAs hecerointerface. Therefore, ther
{s scattering due to background impuritias, the dan-
sity of which is on the order of 1014 car3, as well a:
due to the charged incerface states. - The corre-
sponding momencum relaxacion time, tgy, 13 givin.h1=&'
ey A 3.2 2, . |

::.ffn = (@ uHBIH{ Elﬂll‘. qr). _T.“(l} (3)
f:hnn-ﬂlt {s che 2-d impurity dansity in: the potemcia

an .

~ ~4uiwall

1,(8) = £ desin’e/(sine + 8)2 (4)

where

8 = sﬂftzqf} (5

The avaluaction of Eq. (3) is very differenc fror
chac obtained in references [6,10], because two
dimensional degenerace Fermi statisctics are used her
whereas two-? dimensional non-degenerace scactiscics

were used previously.

C. Polar Optical Phonon Scactering

An empirical temperature dependent polar optica
mobilicy deduced from bulk Caas daca is used in chis
work (see Secrionm 111).

D. Acoustic Deformacion Pocential Scattering

e derive che following expressions for che
scoustic deformacion potential relaxaciom cime:
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with extremely high mobility observed at low tempera-
ture (see Fig. 2). According to our calculacions, l&
Mo Varies as l/dy vhen d{ is large (dg >> Z{). =e
@obility ug, limited by the remoce donor scattering
varies as ng, 4] (see Eq. (2) at 17r;e valuesg of

dy, i.e. Mgy 1s proportional ro dis - Thus, in
theory, a higher value of Wpy can be obtained by {n- .
creasing che spacer layer tgzcknE!l. However, the
mobility acr large d, is dominaced by interface state
scattering as shown in Fig. 4. As a result the mo-
bility becomes constant ac large values of d; (see
Fig. 3, 4). In other words, the maximum mobilicy
obtained ac large dy is a measure of the interface
stace density. The values of N necessary ro ex-
Plain the experimental reported in reference 5 and
Our_experimental results are 1.6x109 cm=2 and 3x109
cm™“ respectively. Thus, Hﬁl depends on the sample
Preparacion. This may explain why these numbers ire
less chan the value of Ngy estimated (n reference 15
from the C-V daca (Ngp ~ 6x10l0 cp-2y,

Also, Ngy depends not only on the density of the
interface scates buc also on the position of the
Fermi level with respect to the neucral level. This
may also concribute to the higher value of N 1
measured in reference 15. Some indicacion nP the
dependence of Npy on the Position of che Fermi
level may be inferred from the increase in the
low field mobility under illuminacion. Under i{llu-
mination the mobility in the sanple wich dy = 230 R3
was increased from 5.5x10° cm?/Vs to 1.3xl10% cml/Vs.
At the same cime the value of n. ., changed from
2.2x10!1 cm=2 ¢ 3.8x10l1 -2, Only part of this
mobility increase may be attributed to the increase
In screening. Our calculation show that due to the
increase in ::rtlning the mobility should have in-
Cressed only to 8x10° cml/Vs (when the same value of
the interface charge Npl is used. We interpret this
difference as a result of the decrease in Npp dua to
the shift in the Farmi level due ro the change in ng,.

- According to reference 16.

EF = ﬂE?ﬂ * '“:u (21

.where a x 0.125x10~12 cn2 eV and 8Epy = 25 meV at low
-temperature. (The energy reference in Eq. (21) is

the bottom of the conduction band in GaAs at the

~ heterojunction interface. Hence, the change in ng,

from 2.2x1011 cm~2 to 3.8x10ll cq-2 leads to the shift
of Ep of the order of AEF = 20 meV. To explain the
addicional increase of the mobility beyond the in-
Crease related to the enhanced screening we have to
Assume the reduction of Ngy to be nearly zero (see
Fig. 4). The density of the interface states N, may
be estimaced from

5N
N = EEEE (22)

* F

o -2 -1 . .
leading to Neg = 7.8x10 " ca “eV™ '. This incerpretacion
Is also consistent with the general trend exhibited
by the experimencal curve y vs. d{ in the range of dy
below 200 £ in Fig. 4. For these values of d; the
value of Mso 18 large enough to shift the Fermi level
closer to che neutral level (just as under illumina-
tion). Indeed, from the change in measured value of
Nso and £q. (21), we estimace the increase in che
Fermi level to be roughly 25 meV when dy is decreased
from 300 R to 150 X. This should tncrease the low
field MOB1.ity over the calculaced value because the
dependence of Nagy on Ngo 18 disregarded in our calcu-
lation. As can be seen from Fig. 4 cthis is exactly
vhat is observed experimencally. The temperacure
dependence of the 2-d electron gas mobility is shown
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in Fig. 5 where :he experinental results agree ve
well with che calculaced mobilicy which {ncludeg
contribuctions from femperature independent fontzd
lmpuricy scattering and temperacure dependent acc
phonon and polar optical phonon scactering. Am 3
rate evaluation of the number of the acouscical
phonons is very {mportant at low temperacure wher
dcouscic scattering limits the ulrimace value of
mobility, being about 8x106 cal/vs for Ngo * 4xlQ
cm=2, This ultimate value of the low field mobil
ls inversely proportionsl to Ngo due to the depen
of the Fermi wave vector on Ngqe

V. Conelusion

We derived simple analytical formulas for thd
mobility of the 2-d eleccron gas formed at che (Al
(Al,Ga)As/GaAs heterointerface. Our theory which
takes into account the finite width of the depleci
region in the (Al,Ga)As layer, the scattering by |
charged inferface states and orher factor is in a
very good agreement with the experimental resulcs.
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Figure C;htiﬁnl

Fig. 1. Energy band diagram of a modulatien doped
(AL,Ga)As/GaAs heterojunccion. Finite th{
ness of the ionized (Al,GCa)As layer 13 shg
and the two lowest energy levels in the 2-
EAs are shownm.

Fig. 2. Calculated low field mobility vs. undoped
(Al,Ca)As thickness for Ogn * leﬂllf:n S
Dotted line for Ny = 0.25x1018/cad, solid
line for Ny = 0.5x1018/ca3 and dashed. line
for Ng = 1x1018/cnd). Dors dre experiment
points (A from [11], B from [2], C from (1
D from (5] and E from (12], the values for
B and C are extrapolated ac ngy = sxiol [cnl

Fig. 3. Experimental mobilicy vs. undoped (Al,Ga)as
thickness. Solid line 1s from [5] and dasH
line is from our laboratory [18].

Fig. 4. Comparison between ctheory and experiment f¢
the mobilicy vs. undoped (Al,Ca)As thicknes
Iwo theoretical curves (docted line for
HBE = 0 and dashed line for Ng1 = 1.5x109/
cm<) are calculaced using measured value of
2-d gas density (ngg). Experimencal values
are from [5). The increase in mobilicy ung
illuminacion is indicated DY an arrow.

Fig. 5. Temperature dependence of 2-d gas mobilicy.
Dots are experimental points from ref. [5]
and open circles are obtained in our labor:
tory. Solid line is calculated from Eq. 2C
USing temperature indevcendent values of

g1+ w3t = 2.5 x 10° ca?/ve.
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