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A characterization technique for quantum well infrared photodetectors
C. J. Chen, K. K. Choi,a),b) L. Rokhinson, W. H. Chang,b) and D. C. Tsui
Department of Electrical Engineering, Princeton University, Princeton, New Jersey 08544

~Received 12 July 1999; accepted for publication 14 September 1999!

Despite the rapid development of the quantum well~QW! infrared technology, the intrinsic
properties of the QW infrared photodetectors~QWIPs! have not been directly measured under the
operating conditions of the detector. In this work, we introduce a characterization technique, which
utilizes the surface corrugation to probe the absorption coefficient and the photoconductive gain of
a QWIP under different operating conditions. This technique enables the intrinsic properties of the
detector to be more accurately characterized and its performance better assessed. A mid-wavelength
QWIP is used for the demonstration of this technique. The results are compared to those deduced
from the conventional measurements. ©1999 American Institute of Physics.
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Quantum well ~QW! infrared photodetectors~QWIPs!
have many military and civilian applications.1,2 The recent
employment of the corrugated light coupling scheme3 further
improves the detector sensitivity, manufacturability, a
functionality ~such as remote temperature sensing4 and
polarization-sensitive detection5!. However, despite the rapi
developments of the QWIP technology, some important
rameters of the detector, such as the absorption coefficiea
and the photoconductive gaing, still cannot be accurately
measured under the operating conditions of the detecto
this work, we propose to use the surface corrugation in
corrugated-QWIP~C-QWIP! structure as a probing tool t
measurea and g directly. This technique can be applied
different material structures and operating conditions, a
thus is capable of providing more detailed and relevant
formation on the intrinsic properties of the QWIPs. With th
information, the detector performance can be further
proved.

To characterize the optical properties of a QWIP, o
usually measures the responsivityR, which is expressed as

R5
e

hn
•hg, ~1!

wherehn is the incident photon energy andh is the quantum
efficiency under a specific light-coupling scheme. If one
the two parameters,h or g, can be measured accurately, t
other can then be determined using Eq.~1!. However, there
are difficulties in measuring either of these two paramet
For example, Fourier transform infrared spectroscopy~FTIR!
is usually used to measure the infrared absorptiona at a
particular oblique angle. The value ofa for parallel propa-
gating light, on whichh of an efficient light coupling schem
depends, cannot be directly measured. Furthermore,
QWIP samples with weak intersubband transitions, accu
absorption measurement can be difficult. Similarly, proble
exist in using the conventional approach of the noise m
surement to determine theg value. In this approach, an as
sumption is made that the photoconductive gaing and the

a!Electronic mail: kchoi@mail.arl.mil.
b!Also with: U.S. Army Research Laboratory, 2800 Powder Mill Rd., Ad
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noise gaingn are equal. In reality, however,g varies with the
energy of the charge carriers, whilegn obtained from the
noise measurement depends only on the average energy
der various operating conditions, the energy distribution
the charge carriers could be different. A technique capabl
resolving the energy spectrum ofg is therefore needed to
properly characterize the detector performance.

We have developed a technique that allows direct m
surements of the absorption coefficienta and the photocon-
ductive gaing at any incident wavelengths under differe
operating conditions. In this approach, an array of V groo
is chemically etched into the active volume of a QWIP
form the C-QWIP structure. A set of C-QWIPs with differe
V-groove periods is prepared. The side view of a C-QW
having four corrugation units is illustrated in Fig. 1. The 5
inclined sidewalls are utilized to reflect the normal incide
light into a parallel direction to the QW layers so that thes
polarization of the incident radiation can be absorbed. A
result, the intensity of thes polarization decays exponentiall
as light propagates away from the sidewalls. Since the de
tor substrates are partially thinned, the measured absorp
also includes any possible waveguiding effects of the s
strate on the optical path. Assuming negligible light interfe
ence effect inside the detector, the responsivity of
C-QWIP with periodP is given by

R~P!5
e

hn
•gh~P!

5
e

hn
•g•

a

2P
•E

0

tE
0

P22z

@e2a•x1e2a•~P22•z2x!#

3dx dz1R0 , ~2!

FIG. 1. The profile of a C-QWIP with etching deptht and corrugation
periodP. The sidewall angle is 50°.
0 © 1999 American Institute of Physics
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for an unpolarized incident light, wheret is the etching
depth,x is the distance away from the sidewalls, andR0 is a
constant. The double integral in Eq.~2! is for cross sectiona
integration of the optical intensity.R0 accounts for the finite
detector photoresponse not coming from the abo
mentioned sidewall reflection, but also contributes as par
the quantum efficiencyh (P) in Eq. ~2!. R0 may result from
the presence of random surface scattering and the coup
of thep-polarized light by two of the mesa edges.5 Its values
can be obtained from the responsivity of a large area dete
without corrugations. As a function ofP, R is expected to
first increase withP, due to the increase of light-absorbin
material within a corrugation unit. However, asP becomes
larger than 1/a, the material at the center of a corrugatio
unit receives little reflected light, while the total number
reflecting sidewalls is reduced.R then decreases. The func
tional form ofR is therefore determined bya. The remaining
prefactorg in Eq. ~2! accounts for the overall magnitude o
R. By fitting R as a function ofP, the values ofa, g, andR0

can be uniquely determined.
The sample we used for the illustration of this techniq

is a mid-wavelength~MW! bound-to-quasibound QWIP, de
signed to peak at 4.3mm. The active material consists of 2
periods of 300 Å Al0.4Ga0.6As barriers and 5 Å GaAs/25 Å
In0.28Ga0.72As/5 Å GaAs wells. The doping density in th
InGaAs layer is 2.031018 cm23. The total active materia
thickness is 7000 Å. On top of this material, a thick~1.8mm!
n1 GaAs layer is grown as the contact layer. With this thi

FIG. 2. The spectral responsivity of several C-QWIPs havingP58, 10, 20,
40, 300, and 1200mm, measured at 110 K and 5 V applied bias.

FIG. 3. The responsivity as functions ofP at three wavelengthsl53.75mm
~squares!, 4.25mm ~circles!, 4.75mm ~triangles!, and their fits using Eq.~2!.
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contact layer, a total depth oft52.8 mm has to be etched to
expose the active volume. Since part of the reflected ligh
traveling in the nonabsorbing contact layer, the resultanta is
the average absorption coefficient of an inhomogeneous
dium ~quantum wells plus contact layer!, and is therefore
smaller than if the entire volume were filled with the acti
material. The smallera gives a smallerh in Eq. ~2!. As a
result, with a thin active QW region, the quantum efficien
of this MW QWIP is expected to be small. Its value w
increase as we include more QW periods in the device.

In the experiment, a batch of nine C-QWIP sampl
with period P varying from 6 to 1200mm, were prepared
Although these devices have been characterized at var
temperatures to reveal the temperature dependence, w
port here only the results obtained atT5110 K, the back-
ground limited temperature for most C-QWIPs we prepar
A full report on the temperature dependence and the res
for samples with other absorption wavelengths will be giv
in the near future.

The spectral responsivityR of each C-QWIP was mea
sured, using the ac lock-in technique, at several subst
biases V. AtV51 V, the responsivity of the detectors
peaked at wavelengthlp54.5 mm. As bias increases,lp

gradually shifts to longer wavelengths. AtV55 V, lp is
equal to 4.75mm, as illustrated in Fig. 2 for several repre
sentative C-QWIPs. It is clear from Fig. 2 thatR indeed
depends onP. We also note that for each C-QWIPR in-
creases rapidly with V. For example, the peak responsi
for the C-QWIP withP520 mm increases from 11 to 186
mA/W as V increases from 1 to 5 V. In the past, this increa
in R was generally attributed to the increase ofg.

With the information ofR for differentP, curves ofR vs

FIG. 4. ~a! The absorption coefficienta, ~b! the photoconductive gaing, and
~c! the responsivityR0 as functions of wavelength, deduced from the cur
fitting at different biases.
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P can be plotted at differentl and V. Illustrated in Fig. 3 are
the representative results at 5 V, for three particular wa
lengths 3.75, 4.25, and 4.75mm. Note that the largestR is
obtained atP515 mm. For each wavelength, a curve fittin
with a, g, andR0 as free parameters is performed using E
~2!. The result of fitting is also shown in Fig. 3. For ea
curve, only one unique set of parameters gives the bes
Despite some scatter in the data, the model is still able
describe the general trend thatR first increases with increas
ing P, and then decreases at largeP. Since the deviation of
the data from the fitted curves is independent ofl, the scatter
is most likely due to the processing nonuniformity.

The three parametersa, g, andR0 , deduced at various V
andl, are shown in Figs. 4~a!, 4~b!, and 4~c!, respectively.
Contrary to the redshift ofR, the peak wavelength fora is
always located at 4.5mm for all biases, indicating a negli
gible Stark shift in this material. The increasing magnitu
of a with bias was, however, not expected in the past. N
ertheless, it is consistent with a report6 that R of a MW
detector can increase by a factor of 2 betweenT5125 and
150 K. We attribute both phenomena to the ionization
deep-level donors in the barrier region under respective c
ditions. In the present case, the transfer of electrons from
donors to the QWs under field ionization increasesa under
bias.

It is clear from Fig. 4~b! that the photoconductive gaing
has strong bias dependence. The relatively uniformg at low
biases develops into a large peak at 4.7mm at large biases
The fact thatg is peaked at around 4.7mm ~corresponding to
a final state energy of 297 meV! is a result of two competing
factors. At short wavelengths, the initiation of intervalle
scattering into theX and L valleys in the barriers~both lo-
cated at 320 meV for Al molar ratio of 0.4! reduces the
electron mobility, and hence decreases the gain. At l
wavelengths, on the other hand, the smaller carrier lifet
and the smaller tunneling probability, both implicitly in
cluded ing, make the value ofg small. Depending on the
material structure and the bias applied to the detector,
value ofg can vary substantially across the excitation sp
trum. This analysis clearly indicates that, in this MW samp
the redshift inR results from the change ofg. For other
QWIP structures in which the electron levels are more s
sitive to the bias, the result may be different.

From the results of the fitting, we also have a bet
understanding of the bias dependence ofR. For the detector
with P520 mm, the peak responsivity increases 16 tim
from V51 V to V55 V, which can be resolved into th
twofold increase ina @Fig. 4~a!# and the eightfold increase i
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g @Fig. 4~b!#. The fact that the peak wavelengths fora andg
are different explains the appearance of a shoulder inR at 4.5
mm besides its main peak at 4.75mm shown in Fig. 2.

In comparison, we also measured the noise of the 30
background photocurrentI p . The noise gaingn , which was
then deduced from the expressionSn54egnI p with Sn being
the noise power density, was 0.17 at 5 V. Although th
value is close to the average photoconductive gain 0.25
Fig. 4~b!, it is far less than the peak value 0.5 atl54.75mm.
This difference can be explained by the following argume
At 300 K, the background photon flux rises rapidly wi
wavelength in the MW band, creating more low energy e
citations. As a result, the background photocurrent is do
nated by low energy photoelectrons. Sinceg is a strong func-
tion of energy, the low energy average can be quite differ
from the peak value. Ifgn50.17, instead of the peak valu
0.5 used to evaluate the peak quantum efficiency, the
ducedh would be larger by a factor of 3. Also note tha
wheng andgn are different, the 300 K background limite
detectivity is no longer independent ofg. Instead, it is pro-
portional toA(g/gn). Substituting the fitted parameters in
Eq. ~2!, we find that at 5 V,h~peak!59.3% for P515 mm.
The corresponding absorption length is 25mm. We did not
take into account the light interference effect in this work

Figure 4~c! shows the value ofR0 . It accounts for 27%
of the total responsivity forP56 mm. This percentage is
consistent with our previous polarization measurement
thep polarization of the incident light contributes 23% to th
total signal.5

In conclusion, we have developed a simple yet power
characterization technique for QWIPs. It allows direct, d
tailed, and accurate measurements on the intrinsic param
a andg. The technique also gives more realistic informati
on the actual detector performance.

The work at Princeton University was supported by
grant from the ARO.
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