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p-doped single-quantum-well infrared photodetector
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(Received 20 April 1993)

We report detailed optical, electrical, and transport measurements on p-doped single-quantum-well in-

frared photodetectors. We find that the properties of these single p-type structures are substantially
different from those of n-type single-well detectors.
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Although there have been extensive studies' of
multiple-quantum-well infrared photodetectors (QWIP's),
relatively little research has been performed on detectors
consisting of only a single quantum well. " One of
these studies" found strikingly different behavior be-
tween multiple-well and single-well photodetectors in n-

type material. In this investigation we report optical,
electrical, and transport measurements of p-doped' sin-
gle QWIP's.

The structure, schematically shown in Fig. 1(a), was
grown on a semi-insulating GaAs substrate via gas source
molecular-beam epitaxy, and consisted of a single p-
doped (p =2 X 10' cm with Be) L =40 A quantum
well surrounded by two Lb =300 A undoped
Alo 3Gao 7As barriers. The GaAs contact layers (top —,

'

pm and bottom 1 pm) were also p doped to the same car-
rier density. The dark current Id (measured at T=77 K)
and the photocurrent (measured at T= 10 K) produced
by T=300 K background illumination through the
Dewar window are shown in Fig. 2. Note that the curves
are quite symmetrical with bias voltage, indicating that
the Be dopant did not significantly diffuse out of the

quantum well.
The responsivity was measured at normal incidence'

since the strong mixing between the light and heavy holes
at k&0 allows this advantageous geometry. The result-
ing spectrum is shown in Fig. 3 for a bias of Vb = —0.4 V
(i.e., mesa top negative), and was found to be independent
of temperature from T= 10 to 80 K to within experimen-
tal error ( (10%). The peak position A, =7.2 pm as well
as the absolute magnitude of the responsivity are, as ex-
pected, quite similar to those of a previously discussed'

0
50-period p-QWIP having the same values of L =40 A,
Lb =300 A, and Alo 3Ga07As barrier composition. The
bias dependence of the responsivity is shown in Fig. 4 as
the solid curve together with that of the previously mea-
sured" single n-QWIP (shown as the dashed curve) for
comparison. Note that the p-QWIP responsivity in-
creases approximately linearly with bias at low voltage
demonstrating the bound-to-continuum nature of the in-
tersubband transition, whereas the n-QWIP requires a
large bias offset (i.e., the responsivity is essentially zero
for Vb (0.1 V). In addition, for the p-QWIP there is no
saturation of the responsivity with increasing bias even
for very large voltages of V„=—0.5 V (i.e., a voltage
drop per barrier of —0.25 V corresponding to 12.5 V for
a 50-period QWIP). This is also strikingly different from
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FICs. 1. (a) Schematic valence-band diagram of a single p-
doped QWIP. The ground-state heavy-hole energy level is indi-
cated as H

&
. (b) Conduction-band diagram of a single n-type

QWIP. The ground-state electron level is indicated as E, . The
Fermi levels are E+, and the barrier band bending is 6 V, .
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FICx. 2. Dark current Id (at T=77 K), and photocurrent Ip
(at T=10 K) as a function of bias voltage for a 200-pm-diam
QWIP. (Positive bias means mesa top positive. )
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FIG. 3. Responsivity spectrum measured at Vb = —0.4 V and
T=77 K. FIG. 5. Optical gain vs bias voltage measured at T=77 K.

that of the n-QWIP. These significant differences will be
discussed after presenting the p-QWIP experimental data.

In order to better understand this single p-QWIP
responsivity behavior, we measured the current noise at
T=77 K and obtained the gain shown in Fig. 5 using
i„=+4eIdgb f . Note that the gain increases monotoni-
cally with increasing bias, thereby explaining the similar
increase of the responsivity with bias in Fig. 4. That is,
the responsivity and gain of this single-well p-QWIP both
behave as the 50-period p-QWIP (Ref. 12) [i.e., not as the
single-well n-QWIP (Ref. 11)]. The gain can be analyzed
further in terms of the quantum-well capture probability
p„which is related to the optical gain g by
g=(1 —p, )/Np„where N is the number of quantum
wells. Thus, for a single-well X=1 and p, =(1+g)
which has been plotted (as the solid curve) in Fig. 6 using
the gain from Fig. 5. At zero bias the capture probability

is p, = 100% and decreases monotonically with increasing
bias reaching p, =34% at Vb = —0.5 V. (Also shown in
the same figure for comparison we have included the pre-
viously measured" single-well n-doped QWIP to be dis-
cussed later. ) The reason for this decrease in p, for the
p-QWIP is that as the electric field increases the carrier
velocity increases and thus the transit time across the
well decreases.

In addition to the capture probability p„we can now
also determine the quantum-well escape probability p, .
The peak responsivity R can be expressed in terms of p,
as

R =(e/h v)g, p,g,
where g, =(1—e ') is the two-pass unpolarized
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FIG. 4. Responsivity vs bias voltage measured at A.~ =7.2 pm
and T=77 K. The solid curve is for the p-QWIP (left-hand
scale) while the dashed curve is for a previously measured
(T = 12 K) n-QWIP (right-hand scale).

FIG. 6. Capture probability p, as a function of bias voltage
measured at T=77 K. The solid curve is for the single p-
QWIP. The dashed line is for a previously measured single n

QWIP.
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normal-incidence absorption quantum efficiency. Thus,
using the bias dependences of the responsivity R„(Vb)
from Fig. 4 and the optical gain g( Vb ) from Fig. 5 we can
experimentally determine p, (V&). For this purpose we
use g, =0.4%%uo. This was obtained by scaling the 50-
period p-QWIP value' of g, (50 QW's)-20% by the
number of wells and also by the doping density which
was ND=4X10' cm for the 50 quantum-well sample
and only 2X10' cm for the single-well p-QWIP. We
have also corrected for the factor of 2 enhancement' of
the optical intensity (and, hence, absorption) due to the
single quantum well being at the position of maximum
optical field (i.e., at A, '/4 where A,

' is the wavelength in
the semiconductor). Substituting this value for q, in Eq.
(1) we obtain p, =75% for all biases and thus the pho-
toexcited hole can readily escape from the quantum well.

We have now determined the important optical, elec-
trical, and transport parameters for the single-well p-
QWIP (i.e., the responsivity spectrum and bias depen-
dence, the current-voltage curves, the optical gain, as
well as the quantum-well capture and escape probabili-
ties), and are thus now in a position to discuss the
significant differences with single n-QWIP s. We first ex-
plain the lack of a responsivity bias offset for p-QWIP's
(shown in Fig. 4). As indicated in Fig. 1, the n-QWIP
(L =40 A, Lb =500 A of Alo 3Ga07As and ND=1X10'
cm ) has a much stronger band bending of the barriers
than the p-QWIP. This is a result of the larger hole
efFective-mass mh* relative to the electron mass m,* and
the consequent small ground-state hole energy H& =25
meV [in Fig. 1(a)] with respect to the ground-state elec-
tron energy E, =88 meV [in Fig. 1(b)]. That is, the align-
ment of the Fermi level in the doped quantum well with
the Fermi levels in the emitter and collector contact lay-
ers requires a large drop in the E, electron level (and thus
a substantial barrier band bending) whereas for 0, this
adjustment is much less. Using a self-consistent theory,
we have calculated" that the barier band bending for the
simple n-QWIP is b, V, =50 meV whereas it is only
6, V, = 15 meV for the p-QWIP discussed above. Further-
more (due to the kAO valence-band hole intersubband
selection rules), the responsivity peak at A, =7.2 pm =

172 meV is sufficiently high in the continuum (b,E =22
meV) above the Vb = 150 meV barrier height that
b,E )b. V, . In strong contrast, the n-QWIP band bending
of AV, =50 meV is so large that the photoexcited elec-
tron (DE=13 meV) remains bound (i.e., AE (b, V, ) and
thus cannot escape without a large applied bias voltage to
eliminate b, V, . That is, for the p-QWIP, p, is large even
at low bias and thus remains essentially constant as the
bias is increased, where for the n-QWIP p, is very small
at low Vb and thus requires a substantial bias to over-
come the band bending 6 V, and allow the photoexcited
electrons to escape.

The other important difference shown in Fig. 4 is the
continuing increase of the p-QWIP responsivity with bias,
while the n-QWIP reaches a maximum after which it
strongly decreases with increasing bias. This n-QWIP
maximum was found" to be due to a maximum in the
gain, i.e., a minimum in the well capture probability p,
versus bias voltage as shown by the dotted curve in Fig.
6. In contrast, the p-QWIP capture probability continues
to decrease monotonically with bias. This difference is
again a result of the large hole effective mass m&*. For
both n and p-Q-WIP s the initial decrease in p, is due to
the decrease in the photoexcited carrier transit time
across the quantum well. However, at high bias the n-

QWIP capture probability increases due to direct tunnel-
ing' of the low m,* electrons from the emitter contact
which effectively "short circuits" the hot carrier trans-
port process. For high-mass holes this direct tunneling
process is inhibited and thus the capture probability con-
tinues to decrease as shown in Fig. 6 (i.e., the gain contin-
ues to increase in Fig. 5).

In summary, we have presented optical, electrical, and
transport measurements of single-quantum-well p-
QWIP s. The bias behavior of the responsivity, optical
gain, quantum-well escape probability, and quantum-well
capture probability were found to be strikingly different
from that of single-well n-QWIP's, as a result of the large
hole effective-mass m& relative to the electron mass I, .
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