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We show that efficient tunneling of holes can be produced in double quantum wells with built-in
piezoelectric fields by the photoscreening of that piezoelectric field. Our observation was made at low
temperatures by comparing the behavior of Gagg2lneosAs-GaAs strained-layer double quantum wells
grown along the (111) and (001) directions and tuning the densities of photoinjected carriers over
several decades. Interpretation of the experimental data is made by comparison with Hartree calcula-
tions including the space charge effects. In addition to this, we also report the observation of many-body

interactions at high photocarrier densities.

PACS numbers: 73.20.Dx, 71.55.Eq, 73.40.Gk, 78.55.Cr

When P. and J. Curie discovered piezoelectricity in
1880, they probably did not imagine the full impact this
universal property of crystals without inversion symmetry
could have on every day life. This coupling between elec-
trical and mechanical properties leads to numerous appli-
cations. The acuity of the mechanical resonance of
piezoelectric devices has repercussions on the electrical
properties and has long since been used in electronics for
signal filtering (using surface acoustic waves) or making
surface-acoustic memories. More recently, Smith and
Mailhiot [1] suggested that advantage be taken of such
an effect to produce significant nonlinear optical behavior
in some strained-layer semiconductor quantum wells and
superlattices. Experimental confirmation of their predic-
tions has now appeared in the literature [2-9]. We also
recently reported the observation of dramatic band gap
renormalization under photoillumination [10].

In this Letter, we show that double quantum wells may
exhibit very interesting properties when carrier tunneling
can be easily photocontrolled. We have studied photoin-
duced tunneling in the (Ga,In)As-GaAs system, which
due to the combined effects of the potential depths, and
the values of the Luttinger parameters y; and y3, is an
ideal system to investigate hole rather than electron tun-
neling.

The layers were all deposited by molecular beam epi-
taxy in a Varian modular Gen II growth system. The
samples were deposited simultaneously on undoped, (001)
GaAs substrates and n* (~2x10'"® cm™3), (111)B-
oriented GaAs substrates. The (001) and (111)B sub-
strates were indium bonded side by side to an indium free
mounted GaAs substrate. The substrate temperature
during growth was nominally 520°C. Growth rates for
both the GaAs and (InGa)As were measured using the
RHEED oscillation technique on a GaAs monitor slice
prior to growth of the quantum well samples. For the
purpose of these investigations two types of structures
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were studied. In both cases the growth sequence com-
menced with the deposition of a 0.5 um undoped GaAs
layer. We note that thick, nominally undoped layers
grown in this apparatus have a low (~10'% cm ~3) p-type
residual impurity concentration. This is followed by a
double quantum well structure consisting of two 4.9 nm
Gagg2Ing0sAs layers separated by a 2.2 nm thin uninten-
tionally doped GaAs barrier layer. The quantum well
and barrier layers are undoped. Both structures are
completed by a second 0.5 um undoped GaAs layer and
finally a 2 um beryllium-doped (p*~2x10'® cm ~3)
GaAs layer. The Fermi level is pinned to the top of the
valence/conduction band in the p*/n* regions, respec-
tively, giving a 1.5x10* V/cm nip field in the undoped re-
gion of the samples. Moreover, (111) substrates were
chosen to be (111)B oriented so that the piezoelectric
field which equals some 1.25%10° V/cm in the strained
layers is opposite to the nip field [11]. Figure 1 illustrates
the differences between the band lineups and first conduc-
tion and heavy hole valence band envelope functions for
the two kinds of samples. Low temperature (4 K) photo-
luminescence measurements were made with the samples
mounted on the cold finger of a variable temperature,
continuous flow cryostat. The excitation source was an
Ar™* pumped Ti-sapphire laser tuned to 810 nm. The ex-
citation density was varied by changing the laser power
over more than 3 orders of magnitude while taking care
to ensure that the sample was not heated.

The evolution of the photoluminescence spectra with
pump power is shown in Fig. 2(a), for the (111)B sample.
We note the evolution of an additional line near 1458
meV, at some 10 meV above the fundamental line, as the
excitation density is increased. In addition, we detect
emission below the signature of the main photolumines-
cence due to donor-acceptor pairs in the substrate. The
identification of these lines is made by comparison with
the numerical calculation described below. Focusing on
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the e hh transition, it is clear that the magnitude of the To explain our observations we must consider a num-
observed blueshift cannot only be related to a screening  ber of phenomena. First, the effect of space charge fields
of the excitonic interaction (a couple of meV in this sam-  caused by the spatial separation of photoinjected electron
ple) by the plasma, but that additional effects occur. A and holes. Referring to Fig. 1, it is obvious that this is
control experiment was done for the identical (001) dou-  more efficient for the (111)B sample than for the (001)

ble quantum well for which the piezoelectric effect does  one. This is confirmed by theory and we will limit this
not exist and the results are shown in Fig. 2(b). None of  Letter to the (111)B sample for which the effects are
the dramatic effects characteristic of the (111) structure  dramatic.
was observed. To quantify the space effect, and in the simplest ap-
| proach, we have to solve self-consistently the equation
L T N
2 09z | mf(2)

for each type of carrier. In this equation, V is the potential lineup, F is the total field without injected carriers, and ® is
the contribution of photoinjected electron-hole pairs. At low temperatures we approximate the Fermi distribution by a
step function and define @ as follows:
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where the summations are extended over the n electron |

(e) and m hole (k) states for a given areal carrier density ' states tunnel through the structure; the most dramatic

o, by the phase space filling which occurs up to an ap-  tunneling occurs for hh, near c~6%10'" cm ~2. For
propriate value of the in plane wave vector k,. The in- values of o beyond the critical value o, ~5.5%10'' cm ~2
dices i and j refer to the lifting of spin degeneracy away  at which the crossing of Eg(hh) with curve hhy-hh,
from k, =0, and e(z) is the dielectric constant. occurs, population of several subbands has to be included
Figure 3 shows self-consistent calculations of the ener- in the calculation. We also note that two electron bands
gy differences between different hole states and the first are filled at c~7x10'"" cm 72,
heavy hole state. A similar plot is also given for the elec- The resulting wave functions are given in Fig. 4 for two
trons. For the sake of completeness, we report the evolu- plasma densities. To simplify the figure, we limit the plot
tion of the filling energy E of the fundamental subbands to the first conduction state and the two lowest heavy hole
in relationship with a Fermi vector kf=(27m')”2 via a levels. The alteration of the potential lineups provoked
parabolic model for both conduction and valence states. by the photoinjected plasma is inserted in the figure as
As o (laser intensity) is increased, the different hole  well as the position of the self-consistent energies.

Gap.92InQ.08As-GaAs strained-layer double quantum wells in pin diodes

Epin = 1.5 104 Volt/iem Epiezo = -1.25 105 Volt/cm

To summarize the different aspects of the calculation
and in order to interpret the experimental data we have
plotted the characteristic transition energies of this dou-
ble quantum well as a function of the areal carrier densi-

Electron Electron ties in Fig. 5(a). The area of the circles is proportional to
the square of the overlap integral between the electron
and hole envelope functions. The photostimulation of the

H hole tunneling is clearly apparent in Fig. 5(b) where the
average position of the particles in different quantum

I/' U \]/ states is plotted [the origin corresponds to the left-hand
GaAs-(InGa)As interfacel. The sudden tunneling of the
second heavy hole is connected to the change of the over-

Heavy-hole Heavy-hole lap integral e hh, illustrated in Fig. 5(c) and to the

] simultaneous decrease of the hh,-hh, splitting.

Returning to the experimental data reported in Fig.
2(a), we are now able to identify all the photolumines-
cence lines. The onset of photoluminescence at 1458
meV (e hh,), for a pump density of 215 W/cm ~?2 is in-
terpreted in terms of filling the hh, band. This corre-

(©@Tr-gronn (11D8-grown sponds to o.=5.5%10"" ¢cm "2 in our calculation. The
FIG. 1. Schematic of' the .potential lincup§, wave functions, weakness of this peak is interpreted in terms of a weak

?ggl)coggge(dnlf)vﬂs. r‘:/thlc;:hG 1lllu/s\tra(t}eAch d:)flferencet betwe‘fln thermal population (T=4 K, not 0 K) of the second

at =0 riented LalnAs-Lians couble quantum wells heavy hole subband. We estimate that this phenomenon
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FIG. 2. (a) Pump power depen-
dence of the photoluminescence of
the (Ga,In)As-GaAs strained-layer
double quantum well (111)B grown.
Note the dramatic blueshift of the
fundamental line and the occurrence
of additional features as the intensity
) increases. (b) Analog of (a) but for
the (001) sample.
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occurs at 0=5x10"" ¢cm ~2 Focusing on the experimen-
tal value of the e hh,-e hh splitting (12 meV), we note
that the calculated value at saturation (o, ~10'?2 cm ~2)
is 3 meV. This reflects the nonlinear relationship between
the laser power and the active areal density of photocar-
riers. Beyond o=7X 10'"' ¢cm 72, as stated above, the
second electron band is filled. Increasing the areal densi-
ty of active e-h pairs then becomes almost impossible, due
to the existence of the pin field which causes an efficient
tunneling of the e, electron away from the double quan-
tum well. This leads to an equilibrium limit where
recombination processes are no longer dominated by pho-
togeneration. The 1470 meV photoluminescence feature
can thus be attributed to eyhh;.

Another important effect can occur at these plasma
densities: the onset of band gap renormalization pro-
duced by the many-body interaction in the plasma [10,
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FIG. 3. Energy separation between valence and conduction
subbands as a function of the areal carrier density, for the
(111)B sample. The Fermi energies are also plotted.
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12-21]. Model calculations of this eftect have shown that
it can be given roughly by a positive power law of the car-
rier density. We expect excellent agreement between the
one particle calculation and the experiment at very low
densities, but this agreement should diminish at high pho-
toinjection when the physics is dominated by many-body
effects [10]. This is in accord with the significant
discrepancy between our high density data and the Har-
tree calculation. At o,=10'2 cm ~% we estimate the
band gap renormalization to be some 26 meV for e hh,
and 17 meV for e hh, while the renormalization at
6=5x10'"" cm ~? is approximately 25 and 8 meV, re-
spectively. We interpret the almost identical band gap
renormalization of e hh, at these two concentrations on
the basis of arguments linked to the distribution of elec-
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FIG. 4. Plot of self-consistent wave functions for the first
electron and two heavy hole confined states, for the (111)B
sample. The potential lineups and positions of the confined
states are inserted. The data are given for two areal carrier
concentrations [carrier density (10" cm ~2)]: (a) 14; (b) 1.

1877



VOLUME 71, NUMBER 12

PHYSICAL REVIEW LETTERS

20 SEPTEMBER 1993

E 1 T T T T )
:',‘ (c) |
T e, hh
= /Y ~ B
~ 0.5 ;A T~ 1
a 1 ~—
1]
-~ /
< . eyhhy eqhny
3 o == = I Tl = S
[ — T T T — T
10 F \Ej\,‘\>¢\ hng
= (b) I T
E 5 / \_,/ hhy [
o b——— "
’/\\‘ ;LN e e — — — — — 4
v 5k g hhg
-10 . . ! ) . .
e e T,
(3) Oooooooooooooc;lnha
1490 ephhy OOOO
o© L eqhhy
= 07 20980000000083338A3RAEAEAN
@ 1470 | o, 0" ©00000 g
E oo_-" 00° eqhhy
o
> ° o : o ° °
Z .
1450 . °
[ ° . °
. Ga In As-GaAs DQW
= : 0.92°0.08
w . .
1430 | .° :
. Lw=4.9 nm Lb=2.2 nm T=4K
1410 o
0 2 4 6 8 10 12 14
-2

)

Carrier density (10“cm

FIG. 5. Plot of typical data obtained from the self-consistent
calculation including (a) transition energies, (b) average parti-
cle positions, and (c) overlap integral for the sample with
piezoelectric field. See text for details.

trons and holes in the various states [20,21]. At o, =102
cm ~2 the heavy hole is shared almost identically between
the two lowest subbands, while at c=5x10"! ¢cm 72, the
population occurs only in the first heavy hole subband.
Moreover, when o> 7x 10! cm 72, electrons start to fill
the second electronic subband e,. Thus, at o, the popu-
lation of the fundamental electronic subband is < 10'2
cm ™2 (8.5%10" ¢m "2 in the parabolic model). Consid-
ering e hh,, the weak renormalization at o=5X 10!
cm ~ 2 (8 meV) can be explained in terms of a vanishingly
small population of the hh, subband. When o is in-
creased to o, =10'%2 cm ~ 2, there is a significant hh, pop-
ulation producing some 17 meV band gap renormaliza-
tion.

In conclusion, we have shown that photoinduced tun-
neling of holes can be produced in double quantum wells
with internal built-in piezoelectric fields. This is based on
the screening of the piezoelectric field by the photo plas-
ma which also produces significant band gap renormal-
ization.
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