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Photoinduced Space-Charge Buildup by Asymmetric Electron and Hole Tunneling
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We demonstrate, by photoluminescence measurements, the excitation-dependent opposite charging of
coupled In053Ga047As/InP single quantum wells. The formation of the dipole layer is associated with

band bending lining up the electron levels in the wells. This novel eA'ect is due to the very diA'erent tun-

neling rates of electrons and holes through the barrier and is observed for barrier widths Ltt 40-100 A.
On the basis of these findings we discuss a potential new optical bistability.

PACS numbers: 73.40.Kp, 78.55.Cr

Tunneling of electrons and holes is under intense
current investigation in tailored two-dimensional semi-

conductor heterostructures because of academic relevan-

cy as a basic quantum effect and wide potential applica-
tions. Coherent and incoherent, resonant, sequential,
and Zener tunneling have been reported recently in dou-

ble barriers, superlattices, and multiple quantum wells
(QW's) of GaAs/A1GaAs, InGaAs/InP, and related
compound semiconductors. ' A variety of tunneling

transport devices based on these effects have been sug-

gested or demonstrated, such as high-gain photodetec-
tors' and tunneling transistors. 4 Optical work on tunnel-

ing has employed photoluminescence (PL) and selective
excitation to address, e.g., degeneracy splittings in reso-
nantly coupled QW's, s Bloch transport of electrons and

holes in superlattice minibands, tunneling-assisted radi-
ative recombination, and "transferred" luminescence.

This Letter reports a novel effect not dealt with in pre-
vious tunneling studies. Using optical measurements, we

demonstrate photoinduced space-charge buildup on non-

resonantly coupled quantum wells due to asymmetric
electron and hole tunneling. 9 A set of samples is em-

ployed with two QW's per sample of InQ53Gao47As lat-
tice matched to InP, nominally 100 A and 60 or 80 A
wide, coupled through InP barriers of various widths

from 20 to 400 k We measure the PL intensity ratio
It/Iq (cf. Fig. 1) of the Ett, emission lines due to
confined n =1 electron to n =1 heavy-hole recombination
in the two wells as a function of the optical excitation
level while keeping the sample temperatUre constant.
This is complementary to a study on the same samples
where tunneling is investigated by temperature-
controlled PL excited with 514-nm laser light at a con-
stant, low "standard" excitation power of 0.3 mW to
avoid heating. 'o Here, with the samples immersed in

liquid helium at 4.2 or 2 K, we find that the PL intensity
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FIG. 1. Energy-band diagrams (top) and associated photo-
luminescence spectra (bottom) of the coupled QWI and QW2
with n 1 electron and heavy-hole states: (a) Low optical ex-
citation with no band bending; (b) strong optical excitation
with band bending lining up the electron energy levels. Elec-
tron tunneling is indicated by solid horizontal arrows, and less
eA'ective hole tunneling by dashed arrows.

ratio 11/12 depends on the optical excitation level in a
well defined and systematic manner. This is ascribed to
space-charge buildup by asymmetric electron and hole
tunneling bending the bands and shifting the energy lev-

els of the wells so as to control the relative occupancy of
the levels being spectroscopically monitored.

Let us first investigate the low-excitation case as
schematically shown in Fig. 1(a). Samples with wide
barriers exceeding =200 A width exhibit Elh emission
lines of the two QW's with an intensity ratio I1/I2 on the
order of unity. Reduction of the barrier width results, at
constant excitation, in a successive intensity loss of the I2
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line relative to Ii, and eventually, for Lit =20 A, the I2
line is no longer detectable. In Fig. 2 we demonstrate
directly by photoluminescence excitation (PLE) spec-
troscopy that the depletion of QW2 is due to electron
and hole tunneling through the barriers. The sample
with Lq =60 A, chosen in Fig. 2 as an example, exhibits
in PL both the emission lines Ii and Iq. The associated
PLE spectrum, with luminescence-light detection at Ii,
shows excited transitions Eil, E21„and E31, in QW1 in-

volving n =1, 2, and 3 electron and light- (I) or heavy-
(h) hole subband levels. This portion of the PLE spec-
trum is identical to PLE spectra of correspondingly wide
isolated QW's. The hatched peak gives evidence for tun-
neling from QW2 to QW1: Excess carriers resonantly
excited in QW2 in the Eiq transition are transferred to
QW1 through the barrier, yielding there, after relaxation
to the lowest sublevels, recombination radiation in the
detection channel. The intensity of the transferred peak,
as a measure of the tunneling efficiency, correlates in-

versely with the barrier widths in different samples: The
peak, absent for La ) 200 A, is weakly observed for
Ls =100 A, increases for narrower barriers, and is by far
the dominant PLE feature for Llr =20 A. Hence, parti-
cle transfer causes a depletion of QW2 and the related
changes of the intensity ratio I i/I2 as stated.

Given this optical evidence for electron-hole tunneling
in our samples we return to the anticipated space-charge
buildup. Basically, the effect must occur since light elec-
trons tunnel at much higher rates than heavy holes which
tend to be localized in the barrier for Lrt) 40 k This
has been experimentally shown by "effective mass filter-
ing. ""' Very different tunneling rates are also expect-
ed from the familiar expression for the tunneling proba-

bility of a particle through a square-well potential bar-
rier of height Vo, of the form exp[ —(8m*Vp/It ) Lal.
Here, applicable mass values for In0536a047As are'
m,*/mo =0.041 and mhh/mo =0.465. Asymmetric tun-

neling of photogenerated excess carriers charges the
wells with n] —p] =p2 —n2, where n and p are the
steady-state electron and hole excess concentrations in

the two wells. (In contrast, recombination alone would

preserve charge neutrality in the wells. ) At low excita-
tion [Fig. 1(a)] the charge on the QW's is negligible, be-

ing related to the absolute excess carrier densities, al-

though the carrier tunneling depopulates QW2 relative
to QW1 and gives rise to strong It and weak I2 emission.
However, at high excitation [Fig. 1(b)] the space-charge
density n i

—pl becomes significant, causing a bending of
the bands which finally lines up the electron energy levels
and separates the hole levels farther. In this case there is

essentially no depletion of QW2 under steady-state exci-
tation conditions if the hole tunneling rate is small com-
pared to the recombination rate, R~ && r '. Consequent-

ly, comparable line intensities It and I2 are expected, as
if the wells were decoupled. As a function of the excita-
tion level, the ratio Ii/I2 will start at a high value for low

excitation levels and drop to values on the order of 1

when the pump level is sufficiently increased.
This behavior is in fact observed. Experimental data

are shown in Fig. 3 for five samples with barrier widths
as indicated and QW widths close to 100 A (QW1) and
60 or 80 A (QW2). For La =400 A the wells are entire-

ly decoupled with no influence of the pump level on the
relative line intensities. Smaller barrier widths cause
changes in the intensity ratio which increase drastically
and in succession for barriers narrower than 100 k In
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FIG. 2. Optical detection of the electron-hole tunneling.
Lower curve: PL spectrum at low excitation density (=10
mW/cm ). Upper curve: PLE spectrum of QWI taken with

halogen-lamp-monochromator excitation showing the peak
F. I q (hatched) due to electrons and holes transferred from
QW2. Measurement temperature is 4.2 K.

FIG. 3. Intensity ratio Ii/I2 of the two PL lines vs excitation
level for various barrier widths. For La=20 A the ratio is

indefinitely large as the I2 emission cannot be observed at any

pump level. The curve for La =400 A was shifted down by a
factor of 10 for clarity. Laser output of 1 W corresponds to an

excitation density on the sample of =200 W/cm .
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the high-excitation regime, all curves tend to a small in-

tensity ratio as predicted by the space-charge concept.
Final asymptotic values are not reached throughout with

our present maximum laser output power of 1.5 W, and
are in principle hard to obtain because of sample heating
at even higher optical powers. The final values, though
expected to be in the range of unity, are actually still
subject to the small hole tunneling rates (which tend to
lift up the curves), to different radiative quantum
efficiences of the two wells per sample, and to difl'erent

optically active well widths. For very low excitation lev-

els, constant, asymptotic intensity ratios are not reached
since the I2 emission falls below the detection noise level,
thus limiting our experimentally accessible range.

Convincing support is lent to the space-charge concept
by the observation that three samples all with nominal
barrier widths Ltt =20 A do not show any indication of
the I2 line even at hard optical pumping: For barriers
that narrow, electrons and holes tunnel efficiently' '
with rates R, and Rz, respectively, which are both much
larger than the competing recombination rates, R, » r
and R~&&i ', hence, QW2 is totally depleted of elec-
trons and holes within their recombination lifetime so
that charge neutrality in the QW's is maintained and no
dipole layer can be generated. Estimates of the ratio
R,/Rt, for Ltt =20 A calculated with band offsets'5

~,:~„,=0.4:0.6 and the given QW widths using the
earlier mentioned expression for the tunnel probability
yield a value of -600. The corresponding value for the
next wider well in our series of samples, LB=40 A,
would be the square, 3.6x10, making plausible the
rather sudden onset of the charging effect for Ltt )40 k
We note that results equivalent to those shown in Fig. 3
were obtained with excitation by green (514 nm) or red
(647 nm) laser light and for nominal sample tempera-
tures of 4.2 or 2 K. For T=2 K, the "humps" on the
curves are virtually flattened out, resulting in simple de-

cay curves. This indicates that the humps are artifacts
not related to the charging effect but possibly due to
unintentional impurity doping of the wells. In fact, the
60- and 80-A barrier samples show, up to medium exci-
tation, a weak band between the Ii and 12 lines which
saturates with increasing excitation and shifts to higher
energies consistent with donor-acceptor pair recombina-
tion.

In the following we discuss three effects that might
arise in conjunction with space charge and high optical
powers:

(1) Saturation To mak. e—sure that the behavior of
the QW luminescence in Fig. 3 does not originate in any
kind of PL saturation phenomena we have measured the
excitation dependence of the Ii line for all samples em-

ployed. The dependence is nearly perfectly linear in all
cases over 6 orders of magnitude corresponding to the
range in Fig. 3.

(2) Stark shift The electric fie.—ld 8 related to the di-

pole layer of a QW structure should cause a Stark shift
of the PL lines. Experimentally, a shift is not observed
and, hence, is below the detection limit of =2 meV given
by the optical linewidths. By application of Poisson's
equation the relative shift of the electron energy levels is
related to the maximum field as 8(~, ) = —,

' (Li+2Ltt
+L2)8, where 6" = —(nl —pi)q/FED and the L's are the
widths of the QW1, the barrier, and QW2, respectively.
The shift necessary to line up the electron energy levels
is =40 meV for our QW structures, so that8,„=3&&10 V/cm. Stark shifts of InGaAs/InP QW's
have been studied in externally applied electric fields, '

and for this 8,„ the associated shift of the E i&, line has
been found to be =3 meV. Realistically, the field is
C,„only at the interfaces between the barrier and the
wells, and an average field extending over the region of
maximum probability density of the particles in the wells
would cause undetectably small shifts.

(3) Band ftlling —As a. result of the constant limited
density of states per energy interval in the quasi-two-
dimensional wells, D =m A/zh 2, band filling with asso-
ciated PL line shifts and broadenings could happen. We
have estimated the shift for the highest powers experi-
mentally available, taking 1 ns as a representative
recombination lifetime and an excitation area 3 =0.25
mm2 to calculate approximate steady-state excess carrier
densities. For these data, the band filling amounts to no
more than =10 meV.

The present discussion relies on qualitative arguments
to show that all experimental findings agree with the
space-charge concept. In addition we note briefly
without presenting details that the observed characteris-
tic trends can be modeled by rate equations. These in-
volve the kinetic parameters of carrier generation and
recombination in the QW's, and tunneling between the
wells either directly (QW2 QW1) or activated via the
thresholds ~, or ~t, [cf. Fig. 1(a)] for the reverse tun-
neling direction. The effective thresholds, by virtue of
Poisson's equation, are subject to the space charge
ni —pi, representing a feedback which causes the
changes of Ii/I2 as a function of excitation. Details of
this analysis will be published elsewhere.

Finally, we speculate on a new optical bistability based
on the present data. As the two QW's per sample in our
study have different widths and quantum energies of the
confined particles we are concerned with nonresonant
tunneling. This is basically a much less efficient process
than resonant tunneling since in the two-dimensional en-
ergy dispersion along the layers phonon participation is
needed in the tunneling process to ensure conservation of
the parallel momentum kii. When intense optical pump-
ing causes the electron states to become energetically de-
generate within their level widths, a switch-over to reso-
nant tunneling will occur. The resonantly enhanced tun-
neling rates reinforce the lining up of the electron levels
and tend to maintain resonance for lower pump levels
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than were initially needed at the onset of the resonance.
The process represents a hysteresis cycle in Fig. 3, fol-
lowing a particular excitation curve, changing over to a
curve with fictitiously much narrower barrier, and finally

jumping down to the original curve. The bistability
should be effective even at high temperatures if the well

widths are sufficiently different to yield large energy sep-
arations AE, and AEq.

In conclusion, we have given evidence from photo-
luminescence measurements for asymmetric electron and
hole tunneling between coupled single QW's. The asym-
metry causes the formation of a dipole layer which, at
appropriate barrier widths of 40-100 A, lines up the
electron energy levels and controls the relative radiative-
recombination intensities. This effect could also lead to
a nonresonant-resonant tunneling switch-over.
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