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The effects of electric [iclds on excitons in GaAs/ Al Ga,  As quantum wells have
been sludied using the lechnigue of pholocurrent specitescopy. The guantum
wells wert. imbedded in the deplction region of p-i-n and Schotiky barner
photodiodes. A scquence of distinct exciton absorplion peaks are sven in the
photocurrent spectra for the diodes. Biasing the diodes allows the electric field in
the guantum wel! 1o be varied. Stark shifts of the excitons were observed in 1he
applied licld. For & given hield and well width the Jowest enerpgy heavy hole (k)
and light hole (1, excitons exhibited 1the largest shifis. Some of the higher energy
excitons exhibited extremely samall shilts. Unallowed exciton peuks became visi-
ble in the pholocurrent spectra as the electric field was increased. One of these
pezks was only visible Tor wells with widihs greater than approximaiely 120 Aard
was shown to arist from mixing between the heavy and light hole valence band
subbands. Nepative differential resistance repions were obscryved in the optically
exciled current-voliage curves for the photodiodes. Fhese were a resuil of the

Stark shilts ol k; and |,

The effects of eleciric Tields on excitonic tran-
silions belween valence and conduction band sub-
bands in semicenducior superlatlices and quanium
wells have recently received considerable atieniion.
Most of these studies have concenirated on the elec-
tronic properties of the lowest encrgy heavy hole h,
and light hole 1| excitens. These excilors involve
transitions between the n=1 conduction band suh-
band and the n=1 heavy and light hole valence hand
scboands, respectively (see for example Ref. §-3).
W have made a2 photocurrent study of the effects of
electric fivids on h, and I, and o the higher enerpy
exciions in GaAs. Al Ga,  As quantum wells, where
the BigheT ¢ncrpy excitons are oplical sransitions be-
tween conduction and valence subbands for which
r>1. 1o this study the quantum wells were imbedded
in the depletion region of GaAs/AlGa, As
pholodiodes, and fields were applied by biasing the
diodes. We have made a comparison of 1he effects of
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electric fields on the various excitons. and have &lso
siudied the transport perpendicular 1o the wells of the
carriers which have been optically excited into the
quantum well subbands. Here we presenl a summary
of this work,

The samples uscd in this study were prown by
molecular beam epitaxy (MBE). An n~ buffur laver
of GaAs was prown on an n* GaAs substrale. An
undoped layer of Al Ga, [As was grown on lop of the
buffer iayer. Quarium wells were imbedded in 1he
Al Ga. Aslavers, A final thin p* layer of GaAs was
grown on top of the AL Ga, As or a thin melal
Schottky barrier was evaporaled onilo  the
Al,Ga, As 1o form a pi-n or Schotiky barrier
photodiode. The samples were mounted in a variable
lemperature cryostat and ilivminated with light from
a grating monochromator. The photocurrenl passing
through the samples was recorded as 2 function of il-
lumination wavelength to oblain pholocurreat
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spuitrta. dn eCéibion, curreni-volage (1-V) curves for
the drodes were recorded for 8 Nixed illumination
wavcicngth,

Fig. 1a presents pholocutrent specira al lwo
differcnt tiascs for 2 diode 1n which the intrinsic re-
givn was composed of 10 quanium wells. The wells
wore approximaicly KO A wide and ihe barriets were
spproximately 100 A wide. The spectra strongly re-
semble absorphion specira for quantum wells.* Al low
electric Tields (0.5 V) only b, and |, are visible. As
the ciectric field is increased (-3.0 V). additional
excitonic peaks become visible. These correspond to
Irans:t;ons beiween valence and conduction subbands
fur which AngD. Such transitions arc forbidden in
sguare guanium wells. They become visible when an
electric field is present due to the polanzation of the
subband wavefunciions in the Nield which leads to an
increase in the optical matrix ¢lement for transilions
between subhands. This polarization is predicled to
causte @ decrease in the absurption coeflicwent for al-
lowed iransitions such as h. and 1, The h.. 1) and hy,
{n=1 conduction subhind and n=2 heavy hole va-
lcnce subband) excitons have been labelled 1n Fig. 1a.
Stark shifts of these exciions can be secn in Fig. 1a.
The peaks move to lonper wavelengths when the re-
verse bias voltage 15 increzsed. The Siark shifts of
these three peaks arc presenied 1n more delaii in Fig.
Ib. The shill in the h,; peak is clearly smaller than
that of h, and |.. This is due to a reduced shift in Lhe
n=2 heavy hole valence subband toward the GaAs
valence band edge in comparnison 10 the nwl heavy
and light hole subbands. Qualitatively, this differ-
ence follows from a second order perturbation theory
analysis of the Swuark shilt of energy levels in a one-
dimensional quantum well.? The solid lincs in Fig. 1b
are calculated shiflts using the envclope function ap-
proximation. It was in gencral found that the Stark
shifls of 1he higher energy excitons were Jess than that
of h; orl,. Thest resulls are discussed in more detail
in Ref. 6. In samples with weli widths latper than
appruximately 120 A. as the clectric ficld was in-
creared, two peaks became visibic in the cnergy range
where only h.. was expected to occar. Polarization
and uniaxia! stress dependent pholocurrenl specira
revesied thal one of the sizies was the resull of mix-
o belween the finsd gt hole and second reavy hole
ve.ernor band subbands.” The observation of this
mixel siate 15 exiremely sign:ficant since 11 3s lhe
stronpes! evidence 10 date of valence pand mixing in

tanium wells,

The tracspomi ¢f opiizally excited carriers
through the depiction region of the photodiodes was
aiso studied. Whern the lemperature was greater than
approximately 120 K, 1he pholocurrent at a given
voliage and position in lhe photocurrent spectrum
was lthermally activated. Below 100 K the lemper-

Superiattices and Microstructurss, Yol 3, Na. 3, 1887

1200
-30

PHOTOCURRENT {pA)
8
L

0.5

ial
0 L A
8500 7100 7700 8300
WAVELENGTH (A)
50 T T T

00F TRl s . 3
b

e —
:P "‘“\.‘_‘\ h‘}
- - F . ! .
E 50 -~ S
é -0l ~
F Y
4
“ _y50F a S
n [ 3
-200} .
[ ]
i)
-25.0 L A .
1 o -1 -2 -3

BIAS V)

Fig. 1. a.) Pholocurrent spectrz at two different hias
volages [or a p-i-n photodiode with an intrinsic re-
gion composed of 10 AlAs GaAs guanium \.\ellts.
Forward bias is positive. Well widths were 80 A.
Barrwer widihs were 100 A, The 1nree iuwes! energy
exciton praks have been labelled. In samples with
wider wells, two peaks are visibie in the energy range
where only the k. pvak is expecicd to be seen. The
basclines for the specirs have been offse! Jor elarity.,
Measurements were made at 10 K. b.) Stark shifts of
the exciion peaks as a function of bias vollape. The
solid lincs are cajcuiated encrgies assuming a 2350 A
intrinsic region width.

ature dependence of the photocurrent varied from
sampic 10 sampie. Samples in which the depletion
region was composed of quanium wells separaled by
100 A barriers (such as the sample in Fig. 1a) actually
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Fig. 2° Reverse bias current-voltage characteristics
wilh and without oplical excitation for the sample
from which the data in Fig. I was obtained. Negative
differential resistance regions due to the Stark shifts
of the h, and 1, excituns are visible in the curves.
Measurcments were made 81 10K,

exhibited &n increase in pholocurrent with decreasing
tempecrature. This behavior was nol entirely under-
sionc, but, since tunneling is the mos! likely transport
mecharasm for these samples in ihis lemperature
range. it may have been due 10 a reduclion in acoustic
prunan scaliering of the carriers as they tuancied. In
the rest of the samples where the barr.ers were wider,
the photocurrent continued to decrease as the tem-
peratere was reduced below 100 K. The low lemper-
ature 1-V characteristics of the pholodiodes under
optical excitation at wavelengihs close to hy and |,
exhibited wavelength dependent negative differential
resislance regions. Fig. 2 itlusiraies this for the sam-
ple from which the specira in Fig. la were obtained.
The negative diflcrential resistances visibie in Fig. 2
are due to the Stark shifis of the h, and i, exciton en-
ergics Through the energy of the excitalion source.
Additional wavelenpih indépendent siruciure was
present in the optically excited I-V chzracteristics of
this sampiv. This struciure is probabiy duc v ar in-
credse 0 the lransmission probability through the
barricss a1 energics where valence band subbands in
ad:acen! wells alipn. Pholoexciled transponi in the
photodiodes is discussed more therouphly in Ref. 8,

To summarize, we [ind the Stark amfis of
higher vnergy excitons in guanium webis are penerslly
smaller than that of the lowest energy feavy (n Y and
hight (1,3} hole excitons. The oscihiator streagths for
forbidden transitions in quanium welis increase as the
electiric {ield in the well 15 increased  In addition, an
exciton peak arising from mixing hetweon the valence
band subbands &lsc became visible as the field was
increased. Finally, wavelength dependent nepative
diffcrential resisianec regions and wavelengih inde-
pendent struclure were both visible in the opiically
excited 1I-V characieristics of the phowodiodes a5 a
result of the quantum welis present in the inirinsic
region.
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