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We have investigated the optical characteristics of the photoluminescence (PL) and the photoresponse (PR) observed in a series of self-assembled InAs/GaAs quantum dot infrared photodetectors (QDIPs) with different doping positions. The interband PL intensity associated with QDs at
near-infrared (1015 ± 5 nm at 10 K) is strongest for the structure doped in InAs QDs, but the
intersubband PR near far-infrared (∼ 5 µm at 18 K) is most sensitive for the device doped in the
upper GaAs barrier. Even though the doping in the lower barrier or QDs is effective for the nearinfrared photoemission, the far-infrared photoabsorption can be much enhanced by strong carrier
confinement for QDIPs doped in the upper barrier under a bias. We suggest that QDIP devices
showing stronger PL intensity do not necessarily give larger values of the photoresponsivity.
PACS numbers: 85.35.Be, 85.60.Gz, 78.67.Hc
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characteristics of individual devices operating at temperatures as high as 150 K in the mid-IR range with a peak
at 3.72 µm. Tang et al. reported a QDIP device which
had a photoconductive and photovoltaic mixed mode and
operated at temperatures up to 250 K in the range of 2
∼ 5 µm [8]. They adapted a modified QDIP structure
with an AlGaAs blocking layer in which a dark current
reduction was expected due to the high potential barrier,
as opposed to the drawback of a photocurrent reduction.
Though a number of efforts have been made with respect
to (InGa)As QDs to clarify the the electronic characteristics by using a variety of experimental and theoretical
approaches [2–19], so far, some of the unusual behaviors
in QDIPs are still rather controversial.
In this paper, we report some comparative results
observed in near-IR photoluminescence (PL) and farIR photoresponse (PR) spectra obtained from a series
of self-assembled InAs/GaAs QDIP structures doped in
GaAs barriers and in InAs QDs with no AlGaAs blocking layer. In order to compare the effect of doping position, we investigated the temperature dependence of
the PL intensity of the QDs and the bias dependence of
the responsivity, together with the dark current-voltage
(Id -V) characteristics. The electron occupation of sub-

I. INTRODUCTION
Self-assembled semiconductor quantum dots (QDs)
and related heterostructures have potential applications
in optoelectronic devices such as QD-based laser diodes
[1] and infrared photodetectors (QDIP) [2–4] by virtue
of their unique zero-dimensional (0D) features and the
strong confinement of carrier wavefunctions in QDs. In
recent years, the optical properties and the related device characteristics of InAs-QD/GaAs heterostructures
associated with QDIPs have been intensively studied in
order to realize normal-incidence room-temperature operation and to overcome the limitation of quantum well
(QW)-based devices [2–11]. In spite of the theoretical
prediction that QDIPs will have very good infrared (IR)
detector performance on the assumption of QD arrays
with good size uniformity and an optimal bandstructure
[12, 13], the device performance is still much inferior to
that of QWIPs with respect to both operating temperature and specific detectivity. Recently, Stiff-Roberts et
al. [2] nicely demonstrated raster-scanned images by using a (13 × 13) QDIP array at 80 K and presented the
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levels in QD ensembles, which is attributed to the difference of doping position, is discussed as a possible mechanism. We present simplified band diagrams for the InAsQD/GaAs heterostructures and show a schematic transition mechanisms for the PL process under no bias and
for the PR process under a bias.

II. EXPERIMENT
A molecular beam epitaxy (MBE) system (RIBER
32P) was utilized to prepare the QDIP samples. The
n-i-n QDIP devices fabricated for this study had an active layer structure stacked by using a 5-period InAsQD/GaAs-barrier in which the doping positions were
different. All the samples were grown under the same
conditions by using self-assembled QD technology via
the Stranski-Krastanow (S-K) growth mode and basically had the same layer profile except for the position
of Si dopants for n-type conductivity. The first and the
third samples were doped in the GaAs layers of the lower
barrier (LB) and the upper barrier (UB) before and after
the QD formation, respectively, and the second one was
directly doped in the InAs QDs during the InAs growth.
The growth was conducted at temperatures of 580 ◦ C
from the GaAs buffer to the lower GaAs layer and 460
◦
C from the active layer to the upper GaAs cap. The
formation of InAs QDs with an equivalent thickness of
2.5 monolayers (MLs) was initiated on the GaAs spacer
layer, and the growth of a stack with a total thickness
of 40 nm (6-nm for the undoped, 3-nm for the Si-doped
or undoped, and 31-nm for the undoped GaAs layers)
was successively repeated for 5 times before and after
the QD growth to complete the active layer. The densities of Si dopants were 1 × 1017 cm−3 for InAs QDs
and 5 × 1017 cm−3 for GaAs barriers and were designed
to have almost the same electron concentration of ∼ 1
× 1011 cm−2 by taking into account the dot density. A
thick spacer layer of 40 nm was introduced to achieve
a spatially random distribution of QDs, dissimilarly to
vertically aligned QD structures [14], and the dot formation was identified by observing the 2D-3D transition in
the reflection high-energy electron diffraction (RHEED)
pattern [15]. The epitaxial growth and the basic characteristics on the QD heterostructures are described in
detail in previously reported papers [3,15,16].
The QD formation was confirmed by using crosssectional profiles obtained with a transmission electron
microscope (TEM) for the 5-period stacked structure,
and a dot density of ∼ 5 × 1010 cm−2 was identified
from the atomic force microscopy (AFM) surface images
of single-layered uncapped structures [3]. Circular-ringshaped and square-shaped electrodes were formed on the
top and the bottom n+ -GaAs layers, respectively, by using standard photolithography and wet-chemical etching. The diameter of the illumination opening for an
individual device was 450 µm (A = 1.6 × 105 µm2 ),

Fig. 1. PL spectra normalized to the intensities of the
GaAs peaks for the 3 QDIP structures, doped in the GaAs
LB/UB and the InAs QDs taken at (a) 10 K and (b) 300 K.
The spectra clearly show PL peaks associated with InAs QDs
together with a pair of peaks for the GaAs barriers and the
InAs wetting layer (WL).

and the electrode size of the bottom contact was 100 ×
100 µm2 . PL measurements were carried out in a closedcycle He refrigerator by using a typical visible-to-near-IR
monochromator system with an Ar-ion (λ = 514.5 nm)
laser, and the luminescence signals were detected by using a liquid-nitrogen cooled Ge photodiode. The spectral photoresponse measurements were performed in the
normal-incidence configuration of a far-IR spectrometer
system with a pair of gratings, 60 and 120 grooves/mm,
and the broadband SiC globar IR source that had been
used in examinations of QWIPs.

III. RESULTS AND DISCUSSION
Figure 1 presents PL spectra normalized to the intensities of the GaAs peaks for the 3 QDIP structures,
doped in the GaAs LB/UB and the InAs QDs, taken at
(a) 10 K and (b) 300 K. The spectra clearly show PL
peaks associated with InAs QDs at (1015 ± 5)/(1100
± 10) nm (10/300 K) together with a pair of peaks,
one for the GaAs barriers (∼ 810/870 nm at 10/300 K)
and the other for the InAs wetting layer (WL) (∼ 890
nm at 10 K). At 10 K, the QD peak intensities of the
doped-LB/UB samples are a little smaller than that of
the doped QD samples. At room temperature, while the
doped-LB structure still shows a strong PL intensity, the
QD peaks for the doped-QD and the doped-UB samples
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Fig. 3. The peak responsivities identified from the normalized photoresponse spectra (18 K) as a function of the
applied bias voltage for the 3 QDIP devices doped in the
GaAs lower/upper barriers (triangles/squares) and the InAs
QD (circles). All the curves monotonically increase in a similar way as the bias voltage is increased, except in the operating voltage range.
Fig. 2. Simplified energy-band diagrams for the InAsQD/GaAs heterostructures with a single sublevel in each
band. The figures illustrate the transition schematics for (a)
the PL process under no bias and (b) the PR process under a bias in the 3 InAs/GaAs QD ensembles doped in the
GaAs lower barrier (LB), the InAs quantum dot (QD), and
the GaAs upper barrier (UB).

rapidly become weak. The intensity profiles can be explained by the difference in the doping position of the Si
dopants.
Figure 2 shows simplified energy-band diagrams which
were obtained by ignoring band bending based on the assumption of InAs QDs with a single sublevel in each band
and illustrates the transition schematics for (a) the PL
process under no bias and (b) the PR process under a
bias in InAs/GaAs QD ensembles. At low temperature,
photo-excited electrons prefer to recombine through unoccupied QD sublevels with lower energies rather than
through the barriers and WL, as depicted in Fig. 2(a).
Strong PL intensities can be expected for all the 3 structures. In the doped-QD sample, quite strong exciton-like
luminescence ([e, h]→[X]) can be kept due to a transition through unfilled sublevels attributed to the large
activation energy of the Si donors in the InAs QDs, even
at elevated temperatures. In the case of the UB-doped
structure, however, the Si donor levels (∆E = 6 meV
for GaAs bulk) are located just below the conduction
band edge of the GaAs barrier. Thus, electrons bound
to donors can be easily excited and captured into QDs
at any appropriate temperature, and surplus electrons
generated by photons have a higher recombination probability in the GaAs barrier than they do in the InAs
QDs.
An unusual behavior is observed in PL spectra for

the doped-LB structure. Table 1 shows a comparative
summary of the PL intensity ratios of the InAs QD to
the GaAs barrier, I[InAs-QD]/I[GaAs-Barrier], for the 3
QDIP structures which were doped in the GaAs LB, the
InAs QD, and the GaAs UB, respectively. The QD peak
intensity of the doped-LB sample is relatively strong at
300 K, and the 10-K spectrum shows a very broad QD
peak and almost no WL peak. This distinguishing behavior may originate from the difference in the relative
positions of the doping layer and the WL. As shown in
Fig. 2(a), the doping layer is located just above the QD
in the doped-UB structure, but just below the WL in the
doped-LB one. In contrast with the doped-UB structure,
since the WL can play the role of a trap center [18] in the
doped-LB structure, fewer electrons occupy the QD sublevel. Thus, quite a strong PL intensity is expected, especially at high temperature. The reasons for the broad
QD-peak and no WL-peak observed at low temperatures
are not clear at present, but we think they are possibly associated with the InAs WL. From the results of
PL analysis, we can conclude that the QDIP structures
doped in the GaAs LB and directly in the InAs QDs are
fairly more effective for interband photoemission than
the QDIP structures doped in the GaAs UB.
The peak responsivities (λpeak ∼
= 5 µm) identified from
the normalized photoresponse spectra (18 K) [3] are plotted in Fig. 3 as a function of the applied bias voltage
for the same QDIP samples used in the PL measurement. The 3 curves monotonically increase in a similar
way as the bias voltage is increased, except in the operating voltage range. The highest responsivities were 55
mA/W (0.4 V), 350 mA/W (1.7 V), and 650 mA/W (1.1
V) for the doped-LB (triangles), the doped-QD (circles),
and the doped-UB (squares) structures, respectively. It

-828-

Journal of the Korean Physical Society, Vol. 42, No. 6, June 2003

Table 1. Comparative summaries of the PL intensity ratios and the device characteristics for the three QDIP structures
doped in the GaAs lower-barrier (LB), the InAs quantum dot (QD), and the GaAs upper-barrier (UB).
QDIP Doped in
PL Intensity Ratio
I[InAs-QD]/I[GaAs-Barrier]

Maximum responsivity
(mA/W)
Operation Voltage
(V @ ∼50 mA/W)
Dark Current
(V @ 1.0 V)

Temperature
10 K
300 K
18 K
140 K
18 K
10 K

is meaningful to mention that the peak responsivities of
350/650 mA/W (160/220 mA/W at 140 K [3]) are very
high in comparison with the best data reported so far
[2,5–8]. (For reference, Stiff-Roberts et al. [2,4] recently
reported updated values of 2 mA/W for λpeak = 3.72 µm
at 100 K.)
The values of the responsivity for the doped-UB device are approximately two times higher than those of
the doped-QD one, and those for the doped-LB one are
considerably lower. The trend is definitely different from
the one for the PL intensity shown in Fig. 1. The difference between the PL intensity and the responsivity
can be interpreted by the same argument given for the
PL spectra. Differently from the PL spectra, which reflect the interband near-IR emission under no bias, the
photoresponse is a measure of the intersubband far-IR
absorption under a bias, as depicted in Fig. 2. Since the

Fig. 4. A series of the Id -V characteristic curves for dark
current measured at 10 K for the 3 QDIP devices. The device
directly doped in QDs (circles) shows a very low dark current,
which is three orders of magnitude smaller than that for the
doped-LB/UB ones (triangles/squares).

GaAs LB
12
(Strong)
2
(Medium)
55
(Low)
−
0.6
(Low)
5.6 × 10−3
(High)

InAs QD
16
(Very Strong)
0.5
(Weak)
350
(High)
160
(Medium)
1.4
(High)
1.9 × 10−6
(Low)

GaAs UB
10
(Strong)
0.1
(Very Weak)
650
(Very High)
220
(High)
0.8
(Medium)
3.5 × 10−3
(High)

conduction electrons excited from Si donors in UB-GaAs
are more effectively swept by a bias and confined into a
lower QD sublevel, a strong absorption is expected up to
an appropriately high temperature. In this situation, a
small part of the electrons can be directly excited into
the continuum state and become a source to increase
the dark current, as verified in the Id -V curves (Fig. 4).
In the doped-QD device, on the other hand, electrons
bound to donors in InAs QDs have to be activated to
higher sublevels in order to participate in the bound-tocontinuum transition, and a few bound electrons may
disappear into the GaAs barrier by field-assisted trapping [19]. Thus, the intersubband absorption becomes
fairly weak in the doped-QD structure, in contrast with
the absorption in the doped-UB one. We think that the
lowest value of responsivity may be attributed to the location of the WL. In this case, since the doping layer is
located just below WL as a trap center, less absorption
will occur due to reduced occupation of electrons in the
QD sublevel. Electron occupation based on the different
positions of the doping layer and the WL may be a possible mechanism for explaining the discrepancy, sometimes
observed in QD samples, that the QDIP device with the
stronger PL emission does not necessarily give the larger
responsivity.
It is a little strange that the doped-QD device is operating at higher bias voltage, by approximately 0.6 ∼
0.8 V, than the doped-UB/LB ones, as shown in Fig.
3. It is evident that the difference in the device operating voltage is associated with the doping structure.
All the samples basically have the same layer profile,
but are quite different from each other in the position
and the doping level of the Si dopants. The total number of dopants incorporated in a single InAs QD layer
of 2.5 MLs is much smaller than that incorporated in
a Si-doped GaAs layer of 3 nm. Taking into account
the smaller amount of dopants and the larger activation
energy of Si donors in QDs, we can say that the doped-
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QD structure has a higher series resistance and, consequently, a larger onset voltage, than the doped-barrier
ones. From this viewpoint of the bias dependence of the
responsivity, the QDIP device doped in the GaAs UB
has the advantages of high sensitivity and low supply
voltage.
An additional behavior supporting the electron occupation mechanism founded on the doping positions can
be seen in the Id -V curves for dark current. Figure 4
reveals the Id -V characteristics measured at 10 K. In the
bias voltage range, the device directly doped in QDs (circles) shows a very low dark current of approximately
10−12 ∼ 10−5 A, which is three orders of magnitude
smaller than 10−9 ∼ 10−2 A for the doped-LB/UB ones
(triangles/squares), which explained in the same manner
previously described. While electrons bound to Si donors
in InAs QDs have to be activated to a much higher continuum state in order to contribute to vertical transport,
those in GaAs barriers can be easily excited into the conduction channel. Thus, in comparison with doped-QD
structure, quite large dark current can be generated in
the doped-barrier structures, even at low temperatures.
Though the device directly doped in InAs QDs is very
effective for reducing the dark current from the viewpoint of the Id -V characteristics, we point out that the
advantage may be cancelled by the increase in the dark
current resulting from the additional bias voltage.

IV. SUMMARY AND CONCLUSIONS
In summary, we presented some comparative results
obtained from a series of n-i-n QDIP devices doped in
the GaAs LB/UB and in the InAs QDs. While the nearIR PL associated with the QDs was strongest in the
doped-QD structure (10 K), the far-IR photoresponse
was most sensitive in the doped-UB one (18 K). We discussed the difference between the interband PL intensity and the intersubband photoresponse observed in the
three structures from the viewpoint of the activation energy of Si donors depending on the doping position and
on the location of WLs. Though direct doping in QDs
was effective for PL emission and dark current reduction, in the doped-UB structure, the responsivity was
greatly enhanced due to the strong carrier confinement
under a bias. On the basis of comparative analyses, we
suggest that doping in the GaAs UB rather than in the
InAs QDs is better for QDIPs with high far-IR absorption efficiencies. Table 1 shows comparative summaries
of the device characteristics, together with the PL intensity ratios, for the three QDIP structures doped in three
different positions and discussed in this study.
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