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�We demonstrate high quantum efficiency (17%) InAs/GaAs p-type quantum dot infrared photodetector.
� The p-type hole response displays a well-preserved spectral profile, independent of the applied bias.
� The p-type quantum dot photodetector exhibits a strong far-infrared response up to 70 lm.
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InAs/GaAs quantum dot (QD) and dots-in-well (DWELL) infrared photodetector (QDIP) based on p-type -
valence-band intersublevel hole transitions are reported. Two response bands observed at 1.5–3 and 3–
10 lm are due to optical transitions from the heavy-hole to spin–orbit split-off QD level and from the
heavy-hole to heavy-hole level, respectively. The p-type hole response displays a well-preserved spectral
profile (independent of the applied bias) observed in both QD and DWELL detectors. At elevated temper-
atures between 100 and 130 K, the DWELL detector exhibits a strong far-infrared responses up to 70 lm.
An external quantum efficiency of 17% is demonstrated. The studies show the promise of p-type QDs for
developing infrared photodetectors.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The quantum dot infrared photodetector (QDIP) has received
considerable attention, owing to the advantage of three-
dimensional confinement of carriers [1]. Widely studied n-type
QDIPs and dots-in-well (DWELL) detectors are featured with the
characteristics of multicolor and bias selectivity [2,3]. The opti-
mized bound-to-bound transitions in a GaAs-based n-type DWELL
structure has led to the achievement of 12% QE [4]. Most of studies
have focused on the operation based on n-type electrons [5,4].
Despite the promising characteristics, a major challenge associated
with QDIPs is the low quantum efficiency (QE) [6]. The relatively
low QE of QDIPs results in part from the large fluctuation of the
dot size in the Stranski–Krastanov growth mode. This, along with
the low QD density as compared to the density of dopants in quan-
tum-well infrared photodetectors (QWIPs), gives rise to the lower
absorption efficiency than expected. Photodetectors based on
p-type doping are not studied as widely as the n-type counterpart.
Room-temperature operation by utilizing p-type inter-valence-
band transitions [7–9] were recently demonstrated using bulk
heterojunctions. Aside from the high-temperature operation,
inter-valence-band transitions typically yield a broad-band
absorption and detection spanning from 1 lm up to beyond
10 lm [10]. This allows for a convenient tuning of the spectral
response by adjusting the heterojunction band offset. However,
an intrinsic drawback of using bulk semiconductors is the fast car-
rier relaxation time, which is, for example, about 0.1 ps for
1� 19 cm�3 p-type doped GaAs. In contrast, quantum structures
such as dots or dots-in-well are demonstrated to have longer life-
time of photocarriers (up to nanoseconds) [11]. As such, an integra-
tion of the QD structure and p-type hole transitions could offer an
alternative route to develop high performance QDIPs.

In this article, we discuss p-type InAs/GaAs QDIP [12] and
DWELL [13] detectors, operating based on the valence-band inter-
sublevel hole transitions. The use of p-type hole response shows
promising characteristics; for example, a quantum efficiency of
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17% is demonstrated. Additionally, hole response has a well-pre-
served spectral profile, as opposed to conventional n-type electron
response strongly dependent on applied bias. Operation based on
holes involves optical transitions associated with three valence
bands (VBs) and higher effective mass of the holes. The former
leads to a broad response allowing for convenient tailoring of the
spectral response. The latter features increased density of states
and thus enhanced absorption, as a great number of holes are
allowed in QDs. Also, higher effective mass of holes means the
lower dark current compared to conduction through electrons.

2. Device structures

The p-type QDIP and DWELL structures are grown by molecular
beam epitaxy, as shown in Fig. 1(a) and (b), respectively [12,13].
The absorbing region consists of 10 periods of InAs QDs, between
which is an 80-nm thick undoped GaAs layer. For the DWELL struc-
ture, QD layers are embedded in a 6-nm thick In0.15Ga0.85As QWs.
The pyramidal shape of QDs has the height and base dimensions
of � 5 and �20–25 nm, respectively. The dot density is about
5� 1010 cm�2. Free holes are introduced by a d-doping technique.
A sheet density of 5� 1011 cm�2 p-type dopants is placed above
Fig. 1. Schematics of the p-type (a) QDIP and (b) DWELL structures. Free holes are introd
band structures of the QDIP and DWELL detectors, respectively, where solid horizontal l
lines are the band edges. The dashed lines are the calculated using an effective-mass
Indicated transitions agree with the experimental response.
the QDs, with a 15-nm thick spacer (GaAs) in-between them,
which gives about 10 holes per dot.

The detectors were processed by wet etching to produce square
mesas, which was followed by evaporation of Ti/Pt/Au ohmic con-
tacts onto the top and bottom p-type GaAs contact layers. A top
ring contact with a window opened in the center was fabricated
to allow front-side illumination. The experiments were carried
out on 400� 400 lm2 mesas with an open area of 260� 260 lm2

in the center allowing for front-side illumination. A Perkin–Elmer
system 2000 Fourier transform infrared spectrometer is used to
measure the spectral response. A bolometer with known sensitiv-
ity is used for background measurements and calibration of the
responsivity.
3. Results and discussion

The electronic structures of QDIP and DWELL detectors are
shown in Fig. 1(c) and (d). In contrast to only one electron state
in the conduction band, many hole states are allowed in the dots.
From numerical computation point of view, this means a massive
number of eigenvalues to be solved simultaneously from the
uced into QDs by d-doping above the QD layer. (c) and (d) are the computed valence
ines represent for hole states obtained by using an 8� 8 k � p model [16]. The thick
method. The labeled HH1–HH3 are the levels of the In0.15Ga0.85As/GaAs QW [13].
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eight-band Hamiltonian, which becomes even difficult in the
higher hole energy range where dense states are included. To facil-
itate the computation, the spin–orbit split-off (SO) states were
obtained by treating the QD as a quantum well (QW) and using
an effective-mass method. The much wider in-plane dimension
of the dots than the height partially validates such a treatment.
We use the QW SO state to represent for the QD SO hole and
interpret the spectral response, which should be acceptable for
analysis on distinguishing respective contributions of VB hole
transitions to the response. The DWELL detector has two sets of
energy levels, corresponding to the QD and QW, respectively. The
In0.15Ga0.85As/GaAs QW contains three HH levels (dashed lines),
which are obtained using an effective-mass method [14].

The dominant response of the p-QDIP was observed at 1.5–3
and 3–10 lm, as shown in Fig. 2. The overall spectral profile is
analogy with that of the p-type GaAs heterojunction detector
(inset of Fig. 2). However, the responsivity of p-QDIP is about
10–20 times higher than that of the heterojunction detector,
despite that QDIP contains a much thinner absorbing region than
the heterojunction. This characteristic indicates that the origin of
response should be dominantly due to the QDs but not the
p-type GaAs contact layers, benefiting from the longer hole life-
time of QDs. As shown in the inset of Fig. 2, the response of QDIP
is also higher than that of the DWELL detector, owing to the less
hole escape probability in the DWELL structure.

The small spacing between hole states (< 30 meV) leads to
varying response with the photon energy in accordance with the
band structure of InAs/GaAs. For example, the two response bands
lie above and below the SO splitting energy of InAs (0.39 eV or
3.2 lm in wavelength) for the p-QDIP. The experimental short-
wavelength response peak at 0.552 eV corresponds to the hole
transition from the HH ground state to the SO state (transition I
of Fig. 1(c)), while the long-wavelength peak at 0.247 eV corre-
sponds to the hole transition from the HH ground state to the state
near the GaAs barrier (transition II). It was observed that a small
long-wavelength response tail rises at higher bias with its peak
at 0.148 eV (transition III).

The optical transitions ending up at the bound states (above the
GaAs heavy-hole/light-hole (HH/LH) band edge in the valance-
band diagram) do not contribute to the response unless photoex-
cited holes surpass the GaAs barrier. This is expected to be accom-
plished by a tunneling process, leading to bias-dependent
response. However, such a characteristic is not observed in our
p-type QDIP as well as the p-DWELL detector. For comparison at
different biases, response spectra are normalized by multiplying
a factor, as shown in Fig. 3(a) and (b) for the QDIP and DWELL
detectors, respectively, where the insets show two primary
Fig. 2. Spectral response of the p-type QDIP at 78 K. Inset: response spectra of the
p-type QDIP, DWELL and GaAs/AlGaAs heterojunction detectors [9] are compared.
The bias voltages are selected such that they lead to nearly the same electric field.
response peaks at 0.1–0.4 eV (3–12 lm) and 0.4–0.8 eV (1–3 lm)
due to HH–HH and SO–HH hole transitions, respectively. It can
be seen that the spectral response is distinctly different from the
n-type DWELL detectors [2,4], where the wavelength range of the
response varies from the mid-wavelength infrared to long-wave-
length infrared. No apparent change in the spectral profile of the
response is observed.

To identify individual transitions contributing to the spectral
response, Gaussian fittings were carried out. The spectral response
of the p-type QDIP is dominated by a Gaussian peak at low bias.
An additional high-energy peak occurs at high negative bias and is
attributed to be due to the HH bound-to-LH bound transition (tran-
sition III in Fig. 1 (QDIP)). For the DWELL detector, three peaks can be
resolved. Neither of them can be induced or annihilated by changing
the bias. This characteristic indicates the trivial influence of the QD
bound-to-QW bound transition on the response, as response based
on the bound-to-bound transition should be strongly bias depen-
dent as a consequence of the escape of photoexcited holes through
tunneling. Much reduced tunneling probability of holes allows an
explanation for this feature. Calculation of tunneling probability
based on the Wentzel-Kramers-Brillouin (WKB) approximation
shows that more than 103 � 105 higher tunneling probability of
electrons than that of the holes is the reason of bias-dependent
response in the n-type DWELL detectors, whereas the spectral range
of the p-type response remains stationary at different biases.

The hole transition which contributes to the primary response
peak of p-QDIP at 0.247 eV may end up to quasibound states. Hole
states becomes denser at the higher energy portion of the HH con-
finement potential, due in part to the larger hole effective mass and
to the LH confinement potential, which leads to a continuum of
tenuously bound states [15]. This characteristic is consistent with
the broad nature of the response peak with Dk=k ¼ 0:42, where k
and Dk are 5.2 lm and 2.2 lm, respectively. However, the HH
bound-to-HH quasibound transition may dominate over the HH
bound-to-LH continuum transition, as the bound-to-quasibound
transition has the higher absorption than the bound-to-continuum
transition. Compared to the HH to HH response, the short-wave-
length response peak contributed by the HH to SO transition is
not as strong as in the heterojunction case, as shown in Fig. 2. A
possible cause is the impact of strain on the local band edges, lead-
ing to a much shallower SO confinement potential than the HH
band and giving rise to continuum SO states.

By using experimentally measured noise current (in), the noise
gain (g) can be calculated through the expression: g ¼ i2

n=4eId,
where Id is the dark current (Fig. 4(a)). The calculated gain is shown
in Fig. 4(b). The value of QE can be obtained using QE ¼ R� hm=eg,
as shown in Fig. 4(c), where R is the responsivity. The experimen-
tal dark current of DWELL is about 40 times less than that of QDIP.
The maxim QE of the QDIP and DWELL detector is obtained to be
17% and 9%, respectively. The specific detectivity is given by
D� ¼ R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A� Df

p
=in, where A is the device area and Df is the band-

width. The maximum values of detectivity at 78 K for the response
peak at 5 lm are 1:8� 109 and 1:4� 109 cm Hz1/2/W, respectively.

It was found that a strong far-infrared responses is observed at
higher temperatures (100–130 K), as shown in Fig. 5. As for the
normal response peak (<10 lm), its intensity decreases with
increasing temperature while the far-infrared response increases
with increasing temperature. Thermal excitation of carriers from
the ground state to excited states can increase the absorption of
the far-infrared radiation (low energy transition), and thus
enhance the response. It is confirmed that the far-infrared response
appears only at temperatures above � 100 K and increases as the
temperature rises from 100 K to 130 K. The calculated energy spac-
ing between the dot levels is about 5–28 meV. There is no peak
shift with either bias voltage or temperature. From 78 K to 130 K,
the peak responsivity of the 5.4 lm peak decreases by �65%, while



Fig. 3. Normalized spectral response of (a) QDIP and (b) DWELL detectors at 78 K, where the insets plot the whole spectral range including a higher-energy peak. (c) and (d)
are Gaussian fittings, where each dotted lines (Gaussian components) gives the observed spectra in (a) and (b). Insets show the summation of the Gaussian components, in
good agreement with the experimental spectra.

Fig. 4. (a) Dark current density of the p-type QDIP and DWELL at 80 K. (b) and (c)
(shown as insets) are the gain and QE, respectively.

Fig. 5. The far-infrared response observed at high temperatures in the DWELL
detector, as a consequence of increasing occupancy of carriers in the high-energy
level with increasing temperature.
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the far-infrared response around 32.6 lm increases by a factor of
�100.

The demonstrated p-type QD detectors do not employ a dark
current blocking layer. This causes the dark current more than
three orders of magnitudes higher than that of n-type QDIPs which
typically use a current-blocking layer [3]. Although the current
blocking layer also reduces the responsivity, the noise is sup-
pressed more effectively, leading to increased signal to noise ratio
and the detectivity [3]. Further improvement of the QE could be
accomplished through optimizing the optical transition type, for
example, by using bound-to-bound transitions, which should lead
to improvement in the absorption.

4. Conclusions

To conclude, we have demonstrated the promise of using p-
type hole transitions to develop QDIPs, with a higher QE of 17%
being demonstrated. Two response bands at 1.5–3 and 3–
10 lm were confirmed as being due to hole transitions from the
HH to SO level and from the HH to HH level, respectively. The
DWELL detector displays constant wavelength ranges of response
independent of applied biases. Its spectral response results from
transitions between QD bound states and near-barrier QW states.
The well-preserved spectral response should benefit the optimiza-
tion of bias for optimum response and the control of spectral
response for the detector development. Furthermore, a far-infrared
response originating from high-temperature operation (100–
130 K) is observed in the DWELL detector, as a consequence of
transitions between excited QD levels. This allows for the p-
type QDs to be potentially used to develop high-temperature Ter-
ahertz detectors.
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