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We study the influence of doping density and the resulting optimum operation voltage on the performance of quantum dot
infrared photodetectors (QDIPs). The optimum operation voltage, where detectivity becomes maximum, becomes smaller as
the doping density increases. This is because the optimum dark current levels are similar regardless of the doping density. We
confirmed experimentally that the optimum dark current level is �5mA (current density: �A/cm2) for our samples. It is
found that the higher doping density improves the performance in the range used in this experiment (5� 1016–5� 1017/cm3).
The response to a normal incident light is confirmed and the possibility of high-temperature operation of QDIP is
shown. [DOI: 10.1143/JJAP.43.5199]
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1. Introduction

In recent years, quantum dot infrared photodetectors
(QDIPs), which operate by intraband transitions, have
gained considerable interest as a mid/far infrared (IR)
detector.1,2) It is expected that QDIPs have two big
advantages over the conventional quantum well infrared
photodetectors (QWIPs). First, it can respond to normal
incident light due to the three-dimensional confinement of
carriers in QDs, which is verified experimentally.1) More
importantly, it is expected to operate at near room temper-
ature because of the high photoconductive gain and low
noise, which is confirmed in some papers.2)

It is necessary to dope nearby/into QDs in order to supply
carriers, which will absorb IR, into QDs since QDIPs operate
by intraband transitions of carriers in QDs. An increase in
the doping density will allow the supply of sufficient carriers
into QDs. However, this also makes the dark current larger
and increases noise. Thus, the doping density is one of the
most important parameters for controlling the performance
of QDIPs. However, the doping density in QDIP has not
been studied systematically until now. In this paper, we
study the influence of the doping density and the resulting
optimum operation voltage on the performance of QDIPs,
and we also confirm the possibility of room temperature
operation of QDIP and its response to normal incident light.

2. Experiments and Results

Figure 1 shows a schematic of the n-type vertical InAs/
GaAs QDIP. The three samples with the same structure
except for the doping density were grown on semi-insulating
GaAs (001) substrate by molecular beam epitaxy. The IR
absorption region consists of 5 periods of self-assembled
InAs/GaAs QD layers. The GaAs barrier thickness is 500 �A,
which reduces dark current and noise by suppressing the
vertical tunneling of carriers.3) A 30 �A n-type (Si-doped)
GaAs layer was grown followed by a 60 �A undoped GaAs
capping layer for all five layers so that electrons, which will

absorb the IR, are supplied into QDs. This modulation
doping method will help prevent the degradation of QD
quality with increasing doping density,4) which was con-
firmed by PL measurements. The doping densities for each
sample are 5� 1017 (#1), 1� 1017 (#2), and 5� 1016 (#3)/
cm3. The relative doping density for each sample can be
confirmed by measurements of the dark current, which
increases as the doping density increases. The IR absorption
region was sandwiched with 1000 �A undoped GaAs buffer
layers and 5000 �A nþ-doped (Si: 2� 1018/cm3) GaAs ohmic
contact layers. Mesa structures with a diameter of 450 mm
were fabricated by standard photolithography and wet
etching techniques, and then the ohmic contacts were
formed with AuGe/Ni/Au alloy.

Photoluminescence (PL) measurements revealed that the
QDs were well formed for all samples. Figure 2 shows
normalized PL spectra of each sample at 4K. The PL peaks
of each sample are located at 1060 (#1), 1140 (#2), and 1070
(#3) nm, and the full width at half maximums (FWHMs) of
PL are 120, 56, and 90meV, respectively. Since the PL peak
positions are not related to the doping density, different PL
peaks are attributed to the different QD sizes and not to the
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Fig. 1. Schematic of n-type vertical InAs/GaAs QDIP.
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doping density.4) The wavelength-integrated PL intensity
(#1 : #2 : #3 ¼ 1 : 2:9 : 2:1), as well as FWHM of PL,
which indicates QD size uniformity, is not related to the
doping density. FWHM of PL becomes larger as PL peak
energy increases although the QD size uniformity is the
same.5) Thus, the QD size uniformity of the three samples is
nearly similar regardless of the doping density. As a result, it
is considered that QD quality is not affected by the doping
density, and relatively higher/lower doping in the same
structure can be achieved without degradation of QD quality.

Figure 3(a) shows photocurrent (PC) spectra of each
sample at 14K and Fig. 3(b) shows the temperature-
dependent PC spectra of QDIP #2. Each PC spectrum
indicated by an open circle in Figs. 3(a) and 3(b) shows
calibrated spectral response of QDIP #2 at 14K and at 77K,
respectively. To calibrate the PC spectra, a standard MCT
detector, whose spectral response is well known, was used.
The PC spectra were measured under normal incident
geometry using a grating monochromator, long-wavelength-
pass filters, SiC IR source, preamplifier, and lock-in
amplifier. Three gratings were used because of the wide
spectral response, and three long-wavelength-pass filters
were used to remove the harmonics for each grating. Our
spectra seem somewhat noisy. This is expected to be
attributable to the grating monochromator instead of the
FT-IR monochromator. Moreover, the wavelength range
from approximately 5 to 8 mm is not an atmospheric window,
in which IR absorption by air is very small.6) However, the
observed PC spectra always have similar envelopes for each
sample under the same condition. For all samples in
Fig. 3(a), the PC peak intensity is more than 100 nA and
the spectral response is from approximately 2 to 9 mm at
14K. From this result, we confirm that QDIPs respond well
to normal incident light. The PC shapes are complex and
different from each other. However, the dip at 4.3 mm, which
is well known to be due to atmospheric absorption,6) was
observed for all samples.

In Figs. 2 and 3(a), the PC peak energy of each sample
increases relatively as the ground state (GS) PL peak energy
increases. GS PL peak energy corresponds to the energy
difference between electron GS in the conduction band and
hole GS in the valence band, and the PC peak energy by
GS-to-continuum transitions of electrons in the conduction
band corresponds to the energy difference between GS and

the continuum of electrons in conduction band. Thus, if the
PC of each sample is generated by only GS-to-continuum
transitions of electrons in the conduction band, the PC peak
energy should decrease as the GS PL peak energy increases.
However, our results are opposite. Thus, our PC does not
originate from only the GS-to-continuum transitions of
electrons in the conduction band. There should be other
transitions, such as GS to excited states (ES), ES to higher
ES, and ES-to-continuum transitions of electrons in the
conduction band.

The temperature-dependent PC spectra of QDIP #2 in
Fig. 3(b) show that our PC has two origins: one is very
sensitive to the temperature and the other is not. This
temperature tendency is shown in all samples. From the
calibrated PC spectrum at 77K in Fig. 3(b), a relatively
short wavelength PC peak, which is relatively insensitive to
the temperature, is located at approximately 4 mm (�310

meV). The other peak, which is very sensitive to the
temperature, is located at approximately 6 mm (�200meV)
from the calibrated PC spectrum of QDIP #2 in Fig. 3(a).
Since the PC peak energy by the GS-to-continuum tran-
sitions of electrons in the conduction band is larger than that
by other intraband transitions, the relatively higher energy
PC around 4 mm will originate from GS-to-continuum
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Fig. 2. Normalized PL spectra of each QDIP at 4K.
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Fig. 3. (a) Photocurrent spectra of each QDIP at 14K. The open circle

indicates calibrated spectral response of QDIP #2 at 14K. (b) Temper-

ature-dependent photocurrent spectra of QDIP #2. The open circle

indicates calibrated spectral response of QDIP #2 at 77K.
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transitions of electrons in the conduction band, and the PC
around 6 mm will be attributed to QD ES-related transitions
(ES to continuum or ES to higher ES) since this PC intensity
is very sensitive to temperature. The ES-related PC intensity
is more sensitive to temperature than the GS-related one
since the electron density in ES is more sensitive to
temperature than that in GS due to the difference in the
thermal activation of the carrier in QD.7) The first ES-related
PC was also shown in ref. 3. As a reference, the QD average
size in QDIP #2 was 18� 5:2 nm (lateral � height), which
was obtained by cross-sectional transmission electron mi-
croscopy.

The PC in the longer wavelength decreases more rapidly
as the temperature increases, as shown in Fig. 3(b). This can
be understood with the effect of thermal activation as
follows. Electrons have to exist in QD for the operation of
QDIP since QDIP operates by intraband transitions. How-
ever, electrons in QD escape thermally into the barrier as
temperature increases. Thus, the thermal escape of the
captured electrons makes PC signals very small. Because the
energy difference between electron states in QD and the
GaAs barrier potential in the conduction band is smaller,
which corresponds to the lower energy (longer wavelength)
in PC, the thermal activation of the electrons becomes
easier.7) This tendency is valid regardless of the origin of PC.
Thus, the PC around 6 mm decreases more rapidly than that
around 4 mm as the temperature increases. Also, the PC at
relatively longer wavelength decreases more rapidly with
increasing temperature regardless of the PC peak position.
As a result, it is difficult for the mid/far IR detectors to
operate at higher temperature because their operation wave-
length becomes longer,8) and the thermal activation of
captured carriers must be carefully studied to achieve high-
temperature operation of QDIP.

Thermal activations of carriers are also observed in
temperature-dependent PL spectra of QD.9) Figure 4 shows
temperature-dependent PL spectra of QDIP #2. To compare
the shape of PL spectra, PL peaks are normalized and set to
0meV. As the temperature increases, PL signals at the
relatively higher energy become smaller while the lower
energy PL shape is maintained. This is also attributed to the
thermal activation effects of captured carriers.7) While the
PL is generated by interband transitions, the PC is generated
by intraband transitions of electrons in the conduction band

and carrier transports. Thus, it cannot be expected that all
results in PL exactly correspond to those in PC. However, it
is clear that temperature dependence of the shapes of both
PC and PL spectra can be explained by the thermal
activation of carriers.

Figure 5 shows peak responsivities and detectivities of
each sample as a function of bias voltages at 14K. The peak
responsivity was obtained by calibration with a standard
MCT detector, whose responsivity as a function of wave-
length is well known. To obtain the detectivity, noise
spectral densities (NSD, unit: A/Hz1=2) were measured using
a DSP lock-in amplifier at the internal modulation frequency
of 5 kHz under dark condition. The maximum responsivity is
more than 1A/W and the maximum detectivity is � mid
108 cmHz1=2/W for all samples. Responsivities are quite
large. This originates from the large photoconductive gain
due to the low capture probability of the mobile carrier.
Photoconductive gain, which is obtained by 1/4e NSD2/
dark current,10) is more than 1000 for all samples at each
optimum operation voltage. However, the detectivity is
relatively small due to the large noise despite the large
responsivity. It is considered that the large photoconductive
gain and the large noise originate from the low capture
probability of carriers.11) This is due to the small lateral
coverage of QD. This makes the lifetime of excited carriers
longer and increases the dark current.

Peaks of responsivity/detectivity with respect to the bias
voltage are not shown in Fig. 5 since we are not able to
measure the PC data with the relatively higher bias voltage
in each sample because of the current limit of the
preamplifier. However, from the rough extrapolation using
the second-order polynomial function, we found that the
maximum detectivity increases very slowly as the doping
density increases around our doping range. Reference 12
reveals that the relation between detectivity and doping
becomes D� � f1� expð�qÞg=fsqrtðexpðqÞ � 1Þg. Here, the
dimensionless parameter q = doping concentration/con-
stant. Therefore, the optimum doping level for detectivity
exists, and detectivity has a broad peak with respect to the
doping near the optimum doping level, that is, detectivity is
not so sensitive to the doping density. Photoconductive gain
is not related to the doping, and quantum efficiency and
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Fig. 4. Temperature-dependent PL spectra of QDIP #2. To compare the

shape of PL spectra, PL peaks are normalized and set to 0meV.
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noise are strongly dependent on the doping density. How-
ever, the ratio of quantum efficiency to noise is almost
independent of the doping density near the optimum doping
level. From the fitting of our data using the above relation
between detectivity and doping density, it is found that the
doping density of QDIP #1 is near the optimum doping level.
It is also expected that the detectivity may be improved in
QDIP #1 by a slightly higher doping density.

The optimum operation voltage becomes smaller as the
doping density increases, as shown in Fig. 5. This can be
understood from the following discussion. The optimum
dark current level, where the responsivity or the detectivity
becomes maximum, exists for each doping density. Re-
sponsivity and detectivity are maximum at a specific bias
voltage, respectively,1,13) since quantum efficiency and
photoconductive gain also does.14,15) This denotes that there
are an optimum operation voltage and an optimum dark
current. The dark current is known to be detrimental to the
performance of QDIPs. However, it also has a positive
aspect. This is because the dark current is necessary to refill
QDs with electrons and to have a photoconductive gain.16)

Therefore, an optimum dark current level always exists. The
optimum dark current level is not dependent on the doping
density, since the detectivity is not a strong function of the
doping density as discussed above.12) Figures 5 and 6 show
these tendencies experimentally: the maximum detectivity
does not depend on the doping density and the optimum dark
current level is �5mA (current density: �A/cm2) for the
samples regardless of the doping density. On the other hand,
as shown in Fig. 6, the dark current depends very sensitively
on the applied bias voltage as well as on the doping density,
that is, it increases exponentially with increasing doping
density or bias voltage.12,17) As a result, as the doping
density increases, the dark current reaches the optimum level
with smaller bias voltage, and the optimum operation
voltage becomes smaller.

Peak responsivities and detectivities of the samples as
functions of temperature are shown in Fig. 7. The possibility
of high-temperature operation of QDIP is confirmed from
clear IR responses up to 180K for all the samples, although
the response peak wavelength becomes shorter as temper-

ature increases. QDIPs certainly operate at a temperature
higher than that of QWIPs. This is partly due to the large
photoconductive gain.3) In addition, responsivity and detec-
tivity of each sample show similar behaviors with respect to
temperature, since the optimum dark current behavior with
temperature is very similar for each sample.

The temperature-dependent behaviors of responsivity and
detectivity of each sample, as shown in Figs. 7 and 5, are
improved as the doping density increases in the range used
in this experiment (5� 1016–5� 1017/cm3). As a reference
sample, the undoped QDIP with the same structure operates
at less than 100K. The number of electrons in QDs must be
also important for the operation of QDIP. The number of
electrons in QDs at a given temperature increases with the
doping density since the thermal activation rate of electrons
in QDs remains the same with different doping densities.
Therefore, the doping density should be higher than that of
QDIP #1 in order to realize the high-temperature operation
of QDIP. This, of course, will be applicable only when the
QD quality is not degraded with the increase in doping
density. The PL data show that modulation doping does not
degrade the QD quality.

3. Summary

The performance of QDIPs was investigated as a function
of doping density. We found that the optimum operation
voltage decreases with increasing doping density. This is
because the optimum dark current level is almost independ-
ent of the doping density. We confirmed experimentally that
the optimum dark current level is �5mA (current density:
�A/cm2) for the samples regardless of the doping density. It
was found that it is necessary to increase the doping density
more, since the detectivity and responsivity with respect to
temperature were improved with increasing the doping
density. The possibility of higher temperature operation of
QDIP and responses to normal incident light were also
demonstrated.
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