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We have observed an unusual sequence of ten peaks in the derivative of the reverse-bias photo-
current in an In;-Ga,As/InP superlattice consisting of ten wells in a p-i-n éonﬁguration. We
show the effect is caused by the screening of the applied field by positive charge generated succes-
sively in the wells. The positive charge is a consequence of vastly different emission rates for pho-
togenerated electrons and holes in the wells. Capacitance measurements on a p-n junction with a
single quantum well demonstrate the effects of the different transport properties of the two carrier
types.” We use the quantum-confined Stark effect as an internal probe of the electric field distri-

bution in the superlattice to confirm the model.

Multiquantum well (MQW) structures are of consider-
able interest, due in part to their potential device agplica-
tions as photodc:tcc:tors,1 optical modulators,” and
switches,? but also as model systems for studying electron-
ic properties in semiconductors. In this Rapid Communi-
cation, we investigate the effects of differing electron and
hole transport properties on the electric field distribution
in a photoexcited p-i-n MQW structure. Passage of an
eleciric current perpendicular to the planes of a
quantum-well structure can result in the charging of indi-
vidual quantum wells.*® In our experiments, we show
that large electric field distortions due to charging of
quantum wells result from vastly different electron and
hole emission rates. This is seen both for a single-
quantum-well structure as well as a MQW structure.

The samples used in this work were Ings3Gag47As/InP
heterostructures grown by gas-source molecular-beam ep-
itaxy. The growth technique has been described in detail
elsewhere.® The single-well sample consisted of a p ¥ -n
junction with a 60-A quantum well in the n region at a
distance d =4000 A from the junction. The MQW sam-
ples were grown on n-type InP (5x10'7 cm ~3) substrates
in a p-i-n configuration. The nonintentionally doped su-
perlattice was prepared on a 0.25-um-thick buffer layer
and was n type (5x10'® cm 73). The structures contained
ten In; —,GaxAs 80-A quantum wells, separated by 460-A
InP barriers. The superlattice was overgrown with a 0.3-
pum-thick unintentionally doped InP layer and a 1-um p-
type InP (10'® cm ~3) layer. Capacitance-voltage mea-
surements show that beyond 2 V the depletion width is
bias independent and extends across the entire superlat-
tice and buffer regions.

We have observed in the MQW structures a series of
ten peaks in the derivative of the reverse bias photo-
current, as shown in Fig. 1 for data taken at 77 X. The
sample is illuminated with a 0.4-mW, 1.3-ym laser so that
electron-hole pairs are only generated in the quantum
wells and not in the InP. The derivative of the photo-
current is measured by applying a small ac voltage atop
the dc bias and detecting the ac response with a lock-in
amplifier. The peaks are periodic in voltage, with a period
that depends on temperature and the intensity of photoex-
citation. As the temperature is increased above 77 K, the
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peaks shift to lower bias, with decreased voltage separa-
tion between the peaks, and are less well resolved. Above
170 K, the number of peaks observed is reduced with in-
creasing temperature as the peaks continue to shift to
lower bias. At fixed temperature, the dependence on in-
tensity is qualitatively similar to the dependence on tem-
perature at fixed intensity, with reduced intensity shifting
peaks to lower voltage and reducing the period. We shall
argue that the peaks in the derivative of the photocurrent
result from competing transport properties of holes and
electrons. We will analyze this type of effect first for a
single quantum well.

Consider a single quantum well in an electric field, with
carriers generated at a rate G by photoexcitation of elec-
tron and hole pairs. The photoexcitation is at an energy
below the band gap of the barriers so that the electron-
hole pairs are created only in the quantum well. In a sim-
ple model for generation, recombination, and emission,
the dynamics of the hole and electron populations in the
well are governed by the rate equations
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FIG. 1. Superlattice photoconductance vs reverse bias at
77 K. )
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where o, and oy are the electron and hole concentrations
per unit area, v, and 7, are the time constants for emis-
sion of electrons and holes, and R is the recombination
rate. We have investigated this case experimentally using
a single-quantum-well p *-n diode.” When the diode is
reverse biased 10 greater than 2 V, the well is in the de-
pletion region on the # side of the junction, We observe
an increase in the device capacitance with the light on,
which shows that photoexcitation has created an excess of
positive charge in the quantum well; i.e., the quantum well
acts like a giant hole trap. For an excess of holes,
R =5,/7, where 7, is the recombination time of an exci-
ton. The net charge in the well 0 =0} — o, is obtained by
solving Eq. (1) for the steady state,

o=G(t; — 7). /(2. + 7). 2

The net positive charge shows z; > 7., an expected result,
since the carrier effective mass and band offset are both
larger in the valence band than in the conduction band.®
The hole emission time may be measured by observing the
capacitance transient after the light is turned off. For ex-
citing intensities less than 0.1 mW/cm?, the transient is
very nearly exponential. Experiments show that above
150 K 75 is thermally activated, while at lower tempera-
tures it is weakly temperature dependent but depends
strongly on the electric field F at the well, ranging from
0.5 msec to 2 sec for F=1.2x10°~5.6x10* V/cm. The
strong field dependence is characteristic of tunneling
through the triangular barrier formed by the valence-band
offset and the applied plus built-in field; however, calcu-
lated times for heavy-hole tunneling yield values that are
orders of magnitude too large. Hole tunneling is probably
defect assisted.® The electron emission time . is also field
dependent. It may be determined from the photocurrent
density J,, which, using the above model, is given by

Jp sqo'e/’re =qGTr/(Tr + Te) ’ (3)

where g is the electron charge. At large reverse bias
¥V ~9 V, the photocurrent saturates at a value J; which is
proportional to the excitation intensity. Saturation occurs
when 7.<7,~1 nsec. At low fields, charging of the
quantum well causes effects which are not included in the
above model so that Eq. (3) no longer applies. A low-ficld
value of 1 psec is obtained from the dark frequency

dependence of the admittance at zero bias when the well is -

occupied with electrons. -8

If the photoexcitation is sufficiently intense, the net pos-
itive charge can significantly distort the electric field in
the depletion region. Figure 2(a) is an energy diagram for
the diode in the dark with reverse bias V large enough that
the quantum well is in the depletion region. In the dia-
gram, Ec y are the conduction and valence bands, AE( is
the conduction-band offset between In; —.Ga,As and InP,
E | is the lowest-lying electron state in the well, V'p; is the
built-in potential, Er is the Fermi energy in the bulk #-
type material measured from E¢, and 4 is the distance

from the center of the quantum well to the p *-n junction.

With light on, the excess of holes reduces the potential at
the well. If the positive charge is large enough, the poten-
tial at the well may be reduced until E; approaches Ey as

shown in Fig. 2(b). When this happens electrons can

I
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FIG. 2. (a) Band structure of quantum-well diode with re-
verse bias such that well is in the depletion region. (b) When il-
luminated, the slower emission rate of holes causes a net build-
up of positive charge in the well until E1~-£;. {c) Band struc-
ture of illuminated superlattice; positive charge in the fourth

well screens the electric field from wells further from the p-»
junction.

it

diffuse from the bulk into the quanturn weli. A dynamic
equilibrium is reached where the quasi-IFerri-level in the
well is aligned with Er. A detailed analysis is outside the
scope of this paper, but the essential consequences of the
pinning of the quasi-Fermi-level can be shown by setting
the quasi-Fermi-level equal to E;. In this approximation,
all but AEc —E+Er of the voltage ¥+ Vi appears be-
tween the junction and the well. The depletion width is
pinned to a value W, given by

WAEc—E +Ep)e |
W =d+ ( chl; Er)e ’ @

where Np~3%10'6 cm 73 is the density of donors in the
n-type region, and e is the dielectric constant of InP. Us-
ing AE-=0.25 eV, E;=75 meV, and Er=—10 meV,
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calculated from the structural and doping parameters, and
e=12.35, we deduce W;~5000 A. Figure 3 shows a set
of capacitance-voltage curves taken in reverse bias on the
single-well structure with varying levels of intensity. We
shall express the intensity as 2.0x10 77 Wcm ~2, The ca-
pacitance plateaus show the pinning of the depletion
width. The depletion widths corresponding to the dif-
ferent capacitance plateaus at different intensities range
from 5000 to 5500 A, in reasonable agreement with our
simple model. A more detailed model, which includes an
analysis of the quasi-Fermi-level of electrons at different
excitation intensities, should account for the different
values of capacitance plateaus.

At a bias that depends on the light intensity, the single-
quantum-well diode in Fig. 3 breaks away from the capac-
itance plateau and begins to deplete normally with in-
crease reverse bias. This means that (VV+ V1) has been
reduced by the applied field to the point that the net posi-
tive charge that can be generated by photoexcitation is
insufficient to completely screen the applied field. From
the difference between the light and dark capacitance, we
can estimate the electric field and screening charge at a
given bias by solving Poisson’s equation. For example, for
y=1 at 5.6 V where the capacitance begins to drop, the
electric field Fp is 1x10° V/cm, and 6~3.5%x10" cm 72,
We can compare this with Eq. (2), the photoexcited
charge density in the absence of this Fermi-level pinning
effect. At breakdown, the two values of charge density
should be approximately equal. We estimate G from the
relation G = J,/qg =2.3%x10"> cm “2sec !. The quantity
1,/(z,+t,) is equal to the ratio of the photocurrent densi-
ty at breakdown J,(¥) to J; and is measured to be 0.25.
From Eq. (2), we conclude that at the breakdown voltage
for y=1, T, ~0.6 msec, a time not inconsistent with the
times observed in our transient experiments at similar
fields. From the experiments on the single-well sample we
conclude that the slow emission rate of holes in an
In; -,Ga,As quantum well can cause significant charging
of the well and thereby distort the electric field in the de-
pletion region.

The same phenomenon is responsible for the sequence
of peaks in Fig. 1. In the case of a superlattice, the excess
of positive charge in a well appears as a sequential pro-
cess; as one well breaks down, the next well becomes the
charged well. Positive charge exists principally in one well
which, by screening the electric field from wells further
away from the p-n junction, divides the superlattice into
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FIG. 3. Capacitance vs reverse bias for single-weil diode at
different intensities 7 =2.0x10~7 Wcm ~2,
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high- and low-field regions. Figure 2(c) shows the poten-
tial distribution across the superlattice when the fourth
well is charged. Wells that have passed into the high-field
region have hole emission rates much greater than the
emission rate for the well at the boundary between the two
regions and, thus, contain much less positive charge than
the screening well. These wells also contribute most to the
photocurrent. Carriers generated in the low-field region
are localized in the wells and do not contribute
significantly to the photocurrent. As the bias is increased,
eventually there is not enough charge generated in the
fourth well to fully screen the applied field. Then the fifth
well becomes positively charged, and the fourth well
enters the high-field region. When this occurs, there is an
increase in the photocurrent, and an associated peak in the
derivative of the photocurrent.

The maximum field which the well is able to screen, the
breakdown field Fp, is determined by the condition
Fy=go(F,)/4ne, where o(F) given by Eq. (2) depends
on field mainly through the field dependence of 7. The
voltage of the ith peak is given by

V(i)=F,d;— Vg, (5)

where d; is the position of the ith well as measured from
the junction. Since the wells are equally separated from
one another, the peaks are uniformly spaced in voltage.
The first peak at 4 V corresponds to the distance between
the p *-n junction, which is about 4 times the interwell
separation. From the interpeak voltage spacing of 1.0 V,
and the superlattice period 540 A, we estimate Fj, =1.8
% 10°V/cm, a value comparable to the breakdown fields in
the single-well sample.

As a test of our model for a distortion of the internal
field of the superlattice, we have made use of the
quantum-confined Stark effect. The effect has been seen
previously in this materials system.!® We illuminate the
sample with both the 1.3-um cw laser and chopped light
from a monochromator and measure the photocurrent
spectra using lock-in detection at the chopping frequency.
Figure 4 shows the energy of the heavy-hole exciton peak
as a function of reverse bias. Also shown is data taken
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-FIG. 4. Quantum-confined Stark effect in the MQW sample
at 77 K. Circles are data taken with only chopped monochro-
mator excitation; crosses are data taken with an added 0.4-mW,

1.3-um cw laser; the curve is a calculation assuming a uniform
electric field in the superlattice.
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with the laser off, and a theoretical calculation of the bias
dependence of the first heavy-hole exciton peak assuming
a constant field in the superlattice. The energy of the
heavy-hole exciton peak is bias independent in the 6-14 V
range. Data in this regime are Stark shifted much more
than the constant-field theory predicts. This shows that
the photocurrent measured with the laser on is generated
by wells in a higher field than that given by assuming a
constant field. The lack of a field dependence between 6
and 14 V, indicates that wells contributing to the photo-
current are in the same electric field, independent of the
bias. This is consistent with our model of wells successive-
ly entering a region of uniform field F, as they begin to
contribute to the photocurrent. With the laser off, the
data show that charging effects are significant even with
the lower excitation intensity supplied by the monochro-
mator. Such eflects are also seen at low intensity in the
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single-well sample in Fig. 3. Beyond 14 V, the absorption
spectra match those taken with the laser off and are in
good agreement with the theory. This voltage corresponds
to the last photocurrent derivative peak. Beyond this volt-
age, the electric field is large enough so that none of the
wells contain enough charge to significantly distort the

. electric field. We note that at a fixed bias lzss than 14 V,

the different absorption spectra with the laser on and off
constitute a_new kind of self-electro-optic: effect. This
effect may explain the reduced performance of quantum-
welfiloptical modnlators at increased optical power lev-
els.

In conclusion, we have observed large electric field dis-
tortions in photoexcited In;-,Ga,As/InP quantum-well
structures which can be understood in terras of a model
using the different emission rates of photoex:ited electrons
and holes.
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