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The behavior of quantum efficiency in QDIPs was studied in details with simple InAs/GaAs QDs and
DWELL QDs structures. Despite of the large difference of the excited state energy between the two sam-
ples, the QE shows similar trends with temperature and bias voltage. The voltage to reach the QE plateau
decreases with temperature and the maximum QE decreases with temperature. Considering the repulsive
potential from the charge inside the QDs, the effective barrier height and thickness for the photoexcited
carrier is much reduced and the QE variation with voltage follows the calculated tunneling probability.
Furthermore, the multi-phonon interaction which leads to the relaxation of the excited carrier is shown
to be important to the decrease of QE with temperature. The enhanced relaxation rate decreases the
maximum QE value at higher temperature.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The three dimensional confinement of the quantum dot (QD)
structure provides the possibility to suppress the electron phonon
interaction and relax the selection rule of intersubband transition
in the quantum well (QW) structures. Thus, Quantum Dot Infrared
Photodetectors (QDIPs) are of great potential to overcome the
drawbacks of the commercialized QWIPs and become lower cost,
high temperature operation infrared detectors [1–10]. From the
early stage of the QDIPs study, it is well known that the perfor-
mance of QDIPs is quite limited with the simple InAs/GaAs QD
structure. In the past, high band gap material layers and tunneling
barriers have been introduced in QDIPs to enhance the perfor-
mance by the reduction of the dark current [1–4]. Moreover, QDIPs
with operation temperature higher than 200 K and even room
temperature has been demonstrated with different device struc-
tures [3–5]. Besides, QDs within QWs to form the dots-in-a-well
(DWELL) structure has also been proposed to provide the flexibility
to adjust the electronic states and the detection wavelength with
the QW [6–10]. High quality 640 � 512 DWELL QDIP imaging focal
plane arrays have been demonstrated [9].

Compared with QWIPs, QDIPs show more complicated photore-
sponse characteristics respected to the bias and temperature. In
our previous study, it was shown that the responsivity, current
gain and thus the quantum efficiency (QE) varies dramatically with
voltages and temperatures [11]. The responsivity of QDIPs
ll rights reserved.
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increases with the device temperature for two orders of magni-
tude. Such temperature dependence is originated mainly from
the increase of the current gain due to the increase of repulsive
Coulomb potential from increase of charge in QDs. Accordingly,
the quantum efficiency of QDIPs decreases with temperature and
varies with voltage. However, only limited numbers of studies on
the modeling and theoretical simulation of QDIPs were published
so far [5,12,13] and the results were not able to fully explain the
characteristics of QE measured. Since QE is the most important
parameter to the device performance under the normal operation
conditions, it is essential to understand the behavior of QE in
QDIPs. Thus, in this paper; detailed studies on the behavior of
the quantum efficiency in QDIPs were conducted. QE data from
QDIPs with two different structures were analyzed and compared
with the proposed mechanism responsible for the QE variation.
2. Basic characteristics of the samples

Two QDIPs with different structures were prepared for this
study: InAs/GaAs QDIPs with thin AlGaAs current blocking layers
(sample A) and InAs/InGaAs/GaAs confinement enhanced DWELL
QDIPs (sample B). The two structures were selected so that the
excited state energies of the intersubband transition in the two
samples can be largely different. Both samples were grown by
Veeco Gen II MBE machine on (1 0 0) GaAs semi-insulating
substrates. Within each sample, 10 periods of InAs QDs were used
as the active region. The typical size of the quantum dot is about
60 Å in height and 220 Å in radius and the QD density is around
2 � 1010 cm�2. For sample A, each barrier consists of 47 nm GaAs
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and 3 nm Al0.2Ga0.8As layers [1]. For sample B, the InAs QDs were
deposited on 4 nm of In0.15Ga0.85As layer and then capped with
2 nm Al0.25Ga0.75As and 3 nm In0.15Ga0.85As layers sequentially to
form the DWELL structure [10]. Fig 1 shows the schematics of
the device structures. In each sample, the active region was sand-
wiched by 5000 Å n-type contact layers. In sample A, the Si doping
level is about 2 � 1010 cm�2 in each QD layer. In sample B, the dop-
ing level is about 4 � 1010 cm�2. Both samples were examined with
atomic force microscopy to confirm the dot morphology and den-
sity with the additional QD layer deposited on the wafer surface.
77 K photoluminescence (PL) and photoluminescence excitation
(PLE) spectrum were taken to probe the energy of electronics states
of both samples. Standard processing techniques were applied to
define the mesas and to generate ohmic contacts. AuGe contact
ring is fabricated on the mesa top to allow the normal incident
measurement.

The intersubband transition responsible for the photocurrent
was deduced from the PL, PLE and the responsivity spectra of the
two samples, assuming a 2:1 energy ratio in the electron and hole
states. In sample A, the PL ground state transition energy is about
1.13 eV with a responsivity peak of 6 lm (�205 meV). Combining
the PLE peaks around 1.19 and 1.42 eV, the transition observed is
from the ground state to the wetting layer state corresponding to
the 1.42 eV PLE peak. For sample B, the ground state PL energy is
about 1.07 eV due to the insertion of InGaAs QW. The PLE spectrum
shows two peaks at 1.23 and 1.29 eV for the QD states and the
other peak at 1.43 eV for the QW state. The infrared responsivity
peak at 8.3 lm (�150 meV) is thus from the QD ground state to
the QD excited state with 1.28 eV PLE peak. The energy differences
from the excited state to the GaAs band edge are about 55 meV and
150 meV for sample A and sample B respectively. Large difference
about 100 meV between the two samples is achieved as we
expected.
Fig. 1. The schematics of the device structure of sample A and sample B.
3. Result and discussion

In order to investigate the temperature dependence of QE, we
measured the current gain and separated the quantum efficiency
from the responsivity. Both noise current and responsivity of the
devices were measured at different temperatures and biases. The
white noise part of the noise spectrum is dominated by the carrier
generation and recombination process in QDIPs and used to calcu-
late the current gain and then the QE.

Due to the limit of the measurement system, noise current
smaller than 1 � 10�13 A/Hz1/2 cannot be correctly measured. Thus,
the QE at low biases with lower temperatures is not available. Also,
the QE values at higher biases are not correct due to the possible
impact ionization process which leads to the overestimate of cur-
rent gain. As a result, the QE at different temperature shown in
Fig. 2 is limited to ±0.75 V and ±1.2 V for sample A and sample B
respectively. For voltages higher than these two values, the kinetic
energy for passing through a barrier is higher than the activation
energy of the dark current. Although the available range of QE is
limited, it is clearly shown that the characteristics of QE of the
two samples is quite similar. The large difference in the excited
state energy seems not to be crucial to the QE. In both samples,
the voltage needed to reach the QE plateau decreases with temper-
ature and the maximum QE decreases with temperature. For
example, the QE reaches the plateau value 0.4% at 0.25 V and
100 K, but it takes 0.4 V to reach plateau value 0.8% at 77 K in sam-
ple A. Similarly, QE in sample B reaches the plateau value 0.8% at
1 V and 77 K and the voltage decreases to 0.5 V at 100 K for the
QE value around 0.2%.

In order to generate photocurrent, the excited carriers need to
escape from the bounded state in the QD. For deeply bounded
excited state, thinner barrier under high electric field is required
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Fig. 2. The quantum efficiency of sample A and sample B at different voltages and
temperatures.



0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.1

1

Q
E 

(%
)

Bias voltage (V)

 70K
 77K
 90K
 100K
 calculation

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.1

1

Bias voltage (V)

Q
E 

(%
)

 70K
 77K
 100K
 120K
 calculation

Sample A 

Sample B 

Fig. 3. The quantum efficiency and calculated tunneling probability at four
different temperatures for both samples. The lines with solid symbols are the
quantum efficiency and the lines with open symbols are the calculated values.
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to allow the high tunneling probability of the photoelectrons.
However, it is not the case for most experimental results of QDIPs.
Usually, the barrier thickness is thicker than 50 nm in QDIPs. The
measured QE falls in the order of 1% which is quite close to the
measured absorptance of 30 layers of QDs (2.8%) [9]. This implies
the high escape probability of excited carriers. Although some the-
oretical models have been published to simulate the characteristics
of QDIPs [12,13], the analysis of QE is limited and no attempt was
made to compare the calculated QE with the experimental data.
Some discussion was made by Lim et al. in Ref. [5], but it is not de-
tailed enough to explain the data we measured.

On the other hand, we have studied the charge inside QDs
through the analysis of the temperature dependence of current
gain [11]. The charge in QDs is shown to generate repulsive field
which decreases the capture probability of the free carriers
through the QDs. The number of charge in QDs increases with tem-
perature and bias voltage as a result of higher dark current. A small
change of average charge number in QD (less than one electron in
average) can generate dramatic difference of the electric field
around the QD. The typical charging energy into a QD can be
approximated with

E � e2hNi
C

with C ¼ 2e�aQD=p
ffiffiffiffi
p
p

ð1Þ

where hNi is the average charge number in the QDs, C is the capac-
itor of the QD and aQD is area of the QD. In our device, the charging
energy in QD for one electron is about 167 meV which is essential to
help the escape probability of the excited carriers. Taking the QD
charge into account, the tunneling probability of the excited carrier
is calculated by the WKB approximation.

TðFÞ ¼ exp �4
3
� 2m�

�h2 �
ðEex � EGaAsÞ3=2

eF

 !
with F ¼ ehNi

4pea2 þ
V
L

ð2Þ

where Eex is the excited state energy, EGaAs is the energy of GaAs
conduction band edge. F is the total electric field on the barrier gen-
erated by the charge in QDs and by the applied voltage V within the
thickness of the active region L. The QD height is about 6 nm and
the distance needed to lower the barrier to the level of the excited
state energy is about 25 nm. For simplicity, the electric field gener-
ated by QD charge is approximated by the field at distance a around
15 nm from the quantum dot to get the average field on the barrier.
The total field is dominated by the QD charge field which is a func-
tion of voltage and temperature. With the average charge number
calculated from the current gain, the tunneling probability was cal-
culated and scaled to the measured QE. Fig. 3 shows the calculated
result with the measured data for both samples A and B at four dif-
ferent temperatures. The trend of QE basically followed the calcu-
lated tunneling probability. The tunneling probability deviated
more from the measured QE at higher biases and higher tempera-
ture. This is probably because the chance of impact ionization is
getting higher under such conditions and the measured gain is
not fully reliable. Due the strong electric field, the deeply bounded
states are elevated and the effective barrier height and thickness are
much reduced. The excited carrier can thus easily escape the QDs
and contribute to the photocurrent. Although the barrier difference
is about 100 meV in the two samples, the slightly more charge in
sample B can overcome the barrier and thus the two sample show
similar QE characteristics.

In addition to the tunneling probability, the carrier distribution
and carrier relaxation process are also important to the QE [5].
Under higher temperature, the probability for the ground states
to be populated decreases but the excited states are more likely
to be occupied. The probability to have an electron in ground state
(Pg) and a empty excited state (Pe) can be calculated with the Fermi
distribution.

Pg � ð1� PeÞ /
1

1þ eðEg�Ef Þ=kT
� 1� 1

1þ eðEex�Ef Þ=kT

� �
ð3Þ

With the assumption that the Fermi energy falls in between the
ground state energy and excited state energy, the change of the
probability in Eq. (3) is quite small to be within a factor of 1.5 from
40 K to 160 K. It is not the major cause for the decrease of QE. On
the other hand, the carrier relaxation time can be much faster with
the increase of temperature due to the multi-phonon process. Con-
sidering the temperature dependent part only, the relaxation time
for each type of multi-phonon interaction is inversely proportional
to products of the number of phonons which follows the Boson dis-
tribution [14]:

1
s
/ P

-i

1
ðe�hxi=kT � 1Þ ð4Þ

where s is the relaxation time for certain type of multi-phonon
process and ⁄xi is the energy for the phonons involved. In order
to effectively relax the carriers to the lower states, the involvement
of optical phonon is needed. To compare this effect with the
decrease of QE, the product in Eq. (4) of one LO and one LA phonon
interaction and one LO and two LA phonons interaction in
calculated. The calculated product is then multiplied with the car-
rier distribution factor in Eq. (3) and compared with the maximum
QE in Fig 4. From 60 K to 160 K, the QE drops for about two orders
of magnitude. The calculated carrier distribution and phonon
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Fig. 4. The maximum QE value for sample A and sample B at different temperature
(solid symbols) and the calculated product of Eqs. (3) and (4) for 2 phonon (open
square) and 3 phonon (open triangle) interaction.

S.Y. Wang et al. / Infrared Physics & Technology 54 (2011) 224–227 227
relaxation time shows similar trend of decrease with temperature.
However, the suggested change is only one order of magnitude
which is much less than the measured result. This indicates other
effects might also be crucial to the QE of QDIPs. It has been sug-
gested that the intraband Auger interaction can help to extract
the carrier out of QDs [15]. Such effect requires two electrons at
excited states and one empty lower state. It is a preferred process
at higher temperature. As there is no strong temperature depen-
dence of Auger coefficient in the temperature range we interested
in, our result excludes the intraband Auger interaction to be the
major mechanism for the extraction of excited carriers in QDIPs.

4. Summary

The characteristic of QE in QDIPs was investigated with differ-
ent QDIP structures. The trend of QE was shown to be insensitive
to the QDIP structure and the escape energy from the excited state.
Instead, the charge inside QDs generates significant electric field
and dominates the characteristics of QE under different voltage
and temperature. Considering the electric field from the QD charge,
the QE follows the same trend as the tunneling probability of the
excited carriers. This means the QDIPs with bound excited states
is a preferred structure to provide higher QE due to the higher
oscillation strength and similar carrier escape probability. Further-
more, the enhanced multi-phonon relaxation of the excited carrier
at higher temperature decreases the maximum QE at higher tem-
perature. However, the calculated decrease is smaller than the
measured result. Further investigation for the mechanism respon-
sible for the decrease of peak QE is needed to fully explain the
experimental result.
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