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ELECTRONIC PROPERTIES OF MODULATION-DOPED GaAs-AfxGa]-xAS
SUPERLATTICES

H L Stdrmer, R Dingle, A C Gossard, W Wiegmann and R A
Logan )
Bell Laboratories, Murray Hill, New Jersey 07974 USA

High-mobility GaAs-AlGaAs superlattice structures,
grown via a new modulation-doping technique, are re-
ported. Mobilities exceed the Brooks-Herring predic-
tions for equivalently-doped bulk GaAs at room temper-
ature and at very low temperatures. Oscillatory mag-
netoresistance data demonstrate the system to be a
high-mobility 2-D layered electron-gas and give indi-
cations of the 2-D subband energy level scheme. A
novel persistent-photoconductive effect allows con-
tinuous electron-density change over a finite range.
UNDOPED

Semiconductor superlattices are

_J _ L_ % grown using Molecular Beam Epi-
©® taxy (MBE).l GaAs-alGaAs super-
(]

R N W lattices are most extensively

UNIFORMLY DOFED studied and have been shown to

contain virtually interface state
free, sharp transitions from one
I material to the other, resulting
in abrupt steps in the band-edge -
CONFINED .
apﬁwenergy.z {See Fig. 1 top.) For
Er transport studies3 carriers have
been introduced by uniformiy dop-
- - ing the complete structure during
:>L_/£§§l\,j/ MBE-deposition (Fig. 1 center).
Fig. 1 Band edge vari- Thus conductivity is thermallws
ation of undoped and n~ activated (at low concentration)

doped GaAs-AfGaAs super-

lattices. or results from impurity-kand

_ formation and subsequent over-
lap with the band edge of the host material (high con~
centration).: Electron mobllltles higher than 1250 cm?
v-lsec™! have not been reported. 3

We introduce a modulation-doping (MD) technique for semi-
conductor superlattices that results in a gqualitatively
different mechanism of carrier introduction. MD is

achieved during MBE growth by restricting (S5i)-donors to
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the AlGaAs layers of the superlattice (Fig. 1 bottom),
leaving the GahAs layers undoped (p-type 1015cm=3)y. 1In
order to maintain a constant Fermi level throughout the
sample, Si-donors in the ALGahAs barrier ionize,.trans-
ferring their electrons to the Gaas conduction-band chan-
nel which is AE. % 300 meV lower in energy. Thus the
ﬁarent impurities become spatially separated from the
conducting medium. Impurity scattering for carrier
motion along the channel

= {in the GaAs plane) is
T 10—
o ~—— greatly reduced. Although
% . . . ':reeg . the charge separation
E \ékg- leads to appreciable band
2 | & 5i-MBE-BULK [CHO b . ' .
B | 2-Sheoer Lx o °>~~.] bending, the carriers re-
¥ | o 5i-MODULATED-LAYERED
O Si-UNFORM- LAYERED i % -
I ipghpifersiet . main confined to the GaAs

oo’.___‘;.a———é“——;r——n*“———n., layer and form a high-

ELECTRON CONCENTRATION {am ™} mobility 2-D layered elec-
Fig. 2 300K-mobilities of a
range of Si-doped GaAs-
AlGaAs superlattices. Filled
cirecles and theory {(---) taken The room-temperature mobil-
from Ref. 1. .

20000e

tron-gas.

ity of these MD-structures

{Fig. 2) does not only ex-—
////// ceed the electron mobil-~
ities of uniformly-doped
(UD) ~superlattices and
woIsL10™enS bulk GaAs of equivalent
electron-concentration but
even‘excéeds the predic-

tion given by the Brooks-

MoBILITY Len?v T emt ™)

(2™ Herring theory (Fig. 2).
soooh !// 7 This mobility increase 15
/™ most probably related to

’77L__—_ the reduced importance of
< otedh :

Do aoh impurity scattering. Fig.

° o 200 30 3 ghows the temperature

TiX)
Fig. 3 Mobilities versus

temperature for Si-doped sam-

ples. Cross-hatched region

includes most of the MD-data.

dependence of the electron
mobility. The mobility of
UD-superlattices remains

Py e 1
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under 3000 cm2v-lgec-l over the

w1170 em?

B0 enty ot total temperature range and the

Lz= 1&45
tecrsod bulk sample shown exhibits a
KL LAYERS

reduction in mobility on appro-

aching low temperatures. The
HIl LAYERS :

mobility of MD-samples, on the
T other hand, exceeds that of all

HIT) equivalently-doped GaAs mater-
Fig. 4 oOscillatory mag-
netoresistance versus
field for a MD-structure below 50K 4 and shows low-temp-
for H-field perpendicular
to (HL) and in the plane

MAGNET) RESISTANCE (ARITRARY UMNITH]
P

©
~
»
-
o
3

ials at room temperature and

erature values as high as

of (H|]) the layers. 20000 cm2v-lsecl. Therefore,

2214 FITH . MD-structyres are parti-~
£ || cularly interesting for
3 n =106 x 0!t o2
r low-temperature transport
E studies on a 2-D layered
-
S electron-gas.
"I '
-
- Fig. 4 demonstrates the 2-
- L1 1 I L 1 L7 ) I 1 dimensionality of our MD

0 10 20 30 40 M & M 8 SO 100
MAGNETIC FIELD 1N kG structures via the anisc-

Fig. 5 Interference effect .
in oscillatory magnetoresis- tropy of the Shubnikov de
tance (HL to layers) indi- Haas (SAH) effect.5- sdH-
cates population of 2 sub-

bands oscillations, heretofore

seen in GaAs~ALGahAs super-
lattjices only in high magnetic fields,3 appear at & 20 kG
{arrow Fig. 4). This allows us to study extensively the
level scheme of the bound states of the electrostatically
perturbed GaAs-potential well. Fig. 5 shows the second
derivative of the SdH-oscillations of a sample with 221 R}
wells. The evident beating effect results from interfer--
ence of two SdH-oscillations of slightly different period

~and, after data reduction, demonstrates clearly the occu~

pation of 2 subband levels having a separation of 8.6 mevV.

Finally, in Pig. 6, we present evidence of a new persis-~
tent-photoconductive effect occuring in most of our sam-

Ples. The carrier concentration in the GaAs channel
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(proportional to the period
of the SdH-oscillations)
can be varied by light ex-
posure (typically 1Q0 sec

for saturation). The car- |

rier increase is persistent

. ¢
oA LIGHT ON

[N at low temperatures, can be
ruu:u:.n-I--;-|-—+4w.i :

varied continucusly (expo-

4R 7dHE {ARBITRARY UNITS)

v

N p= ts.éooanzv-'sc". Ropy = 8.4 X 1oM o

o o 2 3} 4 N e 7 & ble by heating the sample
MAGNETIC FIELD N ke

sure time), and is reversi-

Fig. 6 Oscillatory magneto- to 100 K or more.  The ori=

resistance demonstrates per— gin of this photoeffect,

sistent photoconductive ef- .

: ; h

fect. -Carrier.densit.y is in- which allows us to study

creased by 6% due to light various properties of the
ure. .

exposure layered electron~gas over a

finite range of densities, is probably related toc a DX-
like cent‘:er6 in the AfGaAs barrier.

In summary, we report on & high-mobility 2-D electron-gas

in GaAs-A GaAs hetercjunction superlattices achieved by a

novel modulation-deping technigue . The increased room—

temperature mobilitj and the high low-temperature mobility 5
suggest device possibilities as well as detailed studies

of the properties of a 2-dimensicnal layered electron-gas.

We wish to thank L. ¥opf, M. D. Sturge, V.Narayanamurti,

and M.B. Panish for their help.
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