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Abstract

The photoconductive properties of an InAs/GaAs quantum dot (QD) superlattice have been
characterized using photo–Hall measurements under sub-bandgap illumination. The multi-
stacked InAs/GaAs QD structure was grown using molecular beam epitaxy and photo–
Hall effect measurements were performed under illumination using light-emitting diodes
with three different emission wavelengths: 940 nm, 1300 nm, and 1550 nm. The results
have shown that the sign reversal occurs in the Hall coefficient (RH) as the illumination
wavelength changes: RH is negative at 940 nm and 1300 nm, and positive at 1550 nm. The
photocurrent at 940 nm illumination is ascribed to the electron hole pair generation in QDs,
whereas the photocurrent at 1550 nm is dominated by the hole current generated through
the midgap states in the structure. A simplified rate equation model involving two-step
photoexcitation through the midgap states has revealed that the dominant photocarriers
and the Hall coefficient can change depending on the photoexcitation power. The steady-
state photocurrent behavior including the observed sign reversal in the Hall coefficient has
been interpreted by the proposed model.

Keywords: InAs/GaAs quantum dots; photo-Hall effect; Hall coefficient; midgap states;
photoconductive antenna (PCA); band structure model; rate equation

1. Introduction
Currently, III-V compound semiconductor quantum dots (QDs) such as InAs/GaAs

QDs are widely used in a variety of optoelectronic devices including lasers [1], light-
emitting diodes [2], infrared intersub-band transition detectors [3], semiconductor op-
tical amplifiers (SOAs) [4], intermediate band solar cells [5], and quantum information
devices [6]. Although most of those devices are constructed with vertical heterojunction
structures containing QD layers, lateral QD structures are used for photoconductive sensors
and photoconductive antenna (PCA) devices for Terahertz (THz) wave generation and
detection [7–9]. Recently, InAs/GaAs QD structures have been used for PCAs to respond
to the growing needs of PCAs that can operate under 1550 nm wavelength photoexcitation
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using low-cost telecom lasers [10,11]. Those GaAs-based QDs are suitable for THz PCA
applications because they exhibit very fast photocurrent relaxation under ultrafast pulse
excitation due to the photocarrier lifetime shortening of QDs [9] as well as low dark cur-
rent due to the large-bandgap GaAs used as the current transport material [12]. We have
reported basic THz wave generation using undoped InAs/GaAs QD [11] and Er-doped
InAs/InGaAs QD [10] structures under 1550 nm wavelength photoexcitation.

In designing and preparing lateral photoconductive materials for operation at the
wavelength in the sub-bandgap region, not only should the properties of QD structures but
also the properties of midgap states incorporated in the materials be properly known. The
characterization of photoconductive materials is often performed by using photocurrent
spectroscopy [13] and photovoltage measurement [14] and detailed properties of the deep
levels are studied using thermally stimulated current (TSC) spectroscopy [15], deep-level
transient spectroscopy (DLTS) [16], and photocurrent transient measurement [17]. Another
technique useful for investigating those materials is photo–Hall effect measurement, which
has been extensively used in recent studies on various semiconductors [18–21]. In our recent
report, the basic photoconductive properties of InAs/GaAs QD superlattice structures have
been studied using photo–Hall effect measurements [11]. It has been found that the Hall
coefficient (RH) is negative at the photoexcitation wavelengths 940 nm and 1300 nm, but
RH becomes positive when the wavelength increases to 1550 nm. Similar Hall coefficient
sign reversal has been found in recent studies on other semiconductor materials such as
CdMnTe [19] and CdZnTe [20] bulk crystals, both of which involve multiple deep levels, but
there has been no detailed investigation on GaAs-based-QD-containing materials. The Hall
coefficient sign reversal observed in our QD material indicated a change in the dominant
carriers from electrons to holes with the increase in the photoexcitation wavelength, but
details of the photoconduction mechanism have not been fully understood.

The main purpose of the present paper is to explore the basic mechanism of the
wavelength-dependent photo–Hall effect in the InAs/GaAs QD material and elucidate the
roles of the QDs and midgap states. In the following sections, we analyze the photo–Hall
effect results in more detail by determining the densities of the photo-generated electrons
and holes separately and by interpreting the Hall coefficient behavior on a basis of those
data and a simplified rate equation model. The Hall coefficient sign reversal is reasonably
understood in our model and the effects of QDs and midgap states are clarified.

2. Materials and Methods
The material structure was originally designed for enabling short carrier lifetimes

by rapid capture into the QDs with the aim of being applied to photoconductive antenna
devices for THz generation and detection. The QD composition and size should be adjusted
for forming sufficiently deep states while maintaining the high material quality of both
QDs and surrounding GaAs layers and not compromising the carrier transport properties
in the GaAs-based transport layer. The QD sub-band wavelength of ~1200 nm has been
selected in our case, for which the growth conditions have been well established. The
materials used in our study are the same as those used in our earlier paper, and the details
of the experimental procedures have been written there [11]. The essence of the materials
and experimental methods is outlined in this section. A structure containing multi-stacked
InAs/GaAs QD layers was grown on a semi-insulating (SI) GaAs (001) substrate using
molecular beam epitaxy (MBE). A 150 nm-thick undoped GaAs buffer layer was deposited
onto the substrate at 550 ◦C. A set of 20-period stacked QD/spacer pairs, consisting of
self-assembled InAs QDs with a nominal thickness of 2.0 monolayers (ML) and a 50 nm-
thick undoped GaAs spacer layer, was grown at 480 ◦C. The in-plane density of the QDs
is approximately 1 × 1010 cm−2 [12]. Finally, a 30 nm-thick undoped GaAs layer was
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grown at a low temperature: 250 ◦C. The total thickness of the GaAs layers, which form the
photocurrent transport layer, is 1180 nm. The grown wafer was subject to rapid thermal
annealing at 400 ◦C for 10 min. Using this QD structure wafer, Hall bars with 400 µm
length (in parallel with the [110] orientation) and 100 µm width were fabricated by mesa
etching followed by Ti/Au electrode formation. QDs are made of InAs and their individual
size is typically 20–30 nm in lateral base diameter and ~4 nm in height [22]. The vertical
wave function coupling among stacked QD layers is negligible due to the thick GaAs
spacer layers used in our structure, and the carrier transport properties in the GaAs-based
photocurrent transport layer is considered not to be altered severely by the inclusion of QDs.
In the present material structure, QDs are made of InAs and their individual size is typically
20–30 nm in lateral base diameter and 4 nm in height [22]. The vertical wave function
coupling among stacked QD layers is negligible due to the thick GaAs spacer layers used in
our structure, and the carrier transport properties in the GaAs-based photocurrent transport
layer is considered not to be altered severely by the inclusion of QDs. The basic property
of the fabricated Hall bar was evaluated using the standard Hall effect measurement. The
dark sheet Hall coefficient was +8.05 × 1010 cm2/C indicating p-type conduction, the dark
sheet resistivity was 167 MΩ/sq., the effective sheet carrier density was 7.75 × 107/cm2,
and the effective Hall mobility was 482 cm2/(Vs).

Photo–Hall measurements were performed under continuous wave infrared illu-
mination at fixed power levels using light-emitting diodes (LEDs) with wavelengths of
940 nm (LED output power: 12 mW), 1300 nm (3.5 mW), and 1550 nm (4.0 mW). The
LED was placed at the distance of approximately 3 mm apart from the Hall bar. For the
photo–Hall measurements, a magnetic flux density of 3729 G was applied to the Hall bar
in the Voigt configuration. For obtaining the Hall coefficient with precision, we applied
the ac measurement scheme together with the double lock-in scheme [11,23], in which
the electric field and magnetic field are modulated at different frequencies and the Hall
voltage is evaluated from their product appearing at their difference frequency [11]. All the
measurements were made at room temperature.

3. Results and Discussion
3.1. Photosensitivity Characteristics

The photosensitivity spectra measured on the QD structure are shown in Figure 1, and
the normalized emission spectra of the three LEDs used in the photo–Hall measurements
are included for reference. The measured photosensitivity spectrum indicates several peaks
including a couple of shoulders at 1031 nm, 1101 nm, and 1182 nm, and a broadened peak
around 1345 nm. The observed photocurrent shoulders are attributed to the excited and
ground state transitions in the QD with the 1182 nm (1.05 eV) wavelength corresponding to
the ground state transition. The broad peak extending over ~1250–1600 nm (0.78–0.99 eV)
would be ascribed to midgap states involved either in the GaAs transport layer or at the
interface of or inside the QDs. The broadening might have been induced by the strain at
the dot–spacer layer interface and/or enhanced by the interaction with interfacial states.
Thus in the present material the 940 nm LED can excite QDs directly, and the 1550 nm LED
can excite midgap states only. In the case of 1300 nm excitation, both the QDs and midgap
states can be partially excited.

3.2. Photo–Hall Effect Measurements

Figure 2 summarizes the result of the photo–Hall measurements including the sheet
resistivity ρs, sheet Hall coefficient RH,s, Hall mobility µH = |RH,s|/ρs, and effective sheet
carrier density npH,s = 1/(e|RH,s|), where e is the elementary charge [11]. The light
intensity has been set at a level to give an approximately identical photoresistivity value
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for all wavelengths, as seen in Figure 2a. The Hall coefficient sign reversal occurs when
the wavelength increases to 1550 nm. A negative Hall coefficient at shorter wavelengths
indicates the dominant photo-generated carriers to be electrons, and this is consistent with
the very large Hall mobility observed under 940 nm illumination. The Hall coefficient sign
reversal at 1550 nm excitation indicates the dominance of the hole current.

Figure 1. Photosensitivity spectra measured on a Hall bar with the bias voltage of 3.6 V along the
channel length of 400 µm. Normalized emission spectra of three LEDs used for the photo–Hall effect
measurements are shown.

(a) 

(b) 

(c) 

(d) 

Figure 2. (a) The sheet resistivity ρs, (b) sheet Hall coefficient RH,s, (c) Hall mobility µH, (d) sheet
carrier density npH,s deduced from the photo–Hall measurement are shown for three different
photoexcitation wavelengths.

To analyze details of the photocurrent transport, the densities of photo-generated
electrons and holes need to be separately known. The resistivity (per unit volume)
ρv = ρst, where t is the total thickness of GaAs transport layer (1180 nm), Hall coeffi-
cient RH,v = RH,st, electron and hole mobility µe and µh, and electron and hole densities n
and p are correlated by the following basic equations:

ρv = [e(pµh + nµe)]
−1, (1)
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RH,v =
pµ2

h − nµ2
e

e(pµh + nµe)
2 . (2)

When the values of µe and µh are known, n and p can be determined from the following
relations [17]:

n =
µh − RH,v/ρv

eρvµe(µh + µe)
, (3)

p =
µe + RH,v/ρv

eρvµh(µh + µe)
, (4)

The defect density involved in MBE-grown GaAs materials varies in a wide range
from <1015 cm−3 [24,25] to >1017 cm−3 [26,27] depending on the growth conditions. By
taking into consideration our GaAs transport layer structure being composed of a combina-
tion of low-temperature-grown (LT-) GaAs, QD containing a spacer layer, and an undoped
buffer layer, we assume 2 × 1016 cm−3 as an intermediate value in the following discussion.
The mobility values for electrons and holes can be estimated by using the empirical relation-
ship between the mobility and doping density as summarized by Sotoodeh [28] for a variety
of growth methods and dopants. The mobility values expected at the doping density of
2 × 1016 cm−3 are ~5900 cm2/(Vs) for electrons and ~340 cm2/(Vs) for holes. The electron
and hole densities evaluated from Equations (3) and (4) using those mobility values are
shown in Figure 3, and all the parameters determined in the photo–Hall measurements are
summarized in Table 1. It is noted that the hole mobility of 440 cm2/(Vs) has been used for
the case of 1550 nm excitation to avoid an unreasonable (negative) value for n.

Figure 3. The electron and hole densities n and p determined from the photo–Hall effect measurements
are shown for three different photoexcitation wavelengths.

Table 1. Summary of the photoexcitation wavelength, resistivity, and effective mobility determined
from the photo–Hall measurements, and electron and hole mobility values used for carrier density
determination as well as the resultant photo-generated hole and electron densities.

λ
(nm)

ρv
(Ωcm)

RH,v
(cm3/C)

µH
(cm2/(Vs))

µe
(cm2/(Vs))

µh
(cm2/(Vs))

n
(cm−3)

p
(cm−3)

940 39.8 −1.42 × 105 3550 5900 340 1.66 × 1013 1.73 × 1014

1300 32.3 −6.03 × 103 187 5900 340 2.76 × 1012 5.20 × 1014

1550 39.8 1.72 × 104 433 5900 440 2.84 × 1010 3.56 × 1014

As has been described above, the considerably high density of electrons, compara-
ble to that of holes, achieved at 940 nm photoexcitation results in a large negative Hall
coefficient owing to the very high electron mobility, whereas the extremely low density of
electrons at 1550 nm photoexcitation makes holes the dominant carriers and results in a
Hall coefficient sign reversal. Under 940 nm photoexcitation, photocarriers are generated by
the direct excitation of QDs. Under 1550 nm photoexcitation, the roles of QDs and midgap
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states in the carrier generation and transport are not clearly seen and further analyses are
described below.

3.3. Band Structure Model and Rate Equation Analysis

In this subsection, we discuss the photocarrier generation and transport by using a
simplified band structure model and rate equation analysis with a particular focus on the
photoexcitation at 940 nm and 1550 nm. Figure 4 shows a band structure model of the
InAs/GaAs QD structure containing midgap states (MGSs). Under the photoexcitation of
QDs, electron hole pairs are generated with the generation rate G in QDs and they contribute
to the photocurrent flowing through the wetting layer and GaAs transport layer with the
electron and hole densities n and p. The total state densities in the QD are defined as NQ in
both conduction and valence bands, and the net electron and hole densities existing within
the QDs are defined as nQ and pQ. τ3 and τ5 indicate time constants for electron capture
from the conduction band into the QD state and for electron emission from the QD state to
conduction band, respectively. Similarly, the hole capture and emission time constants from
and to the valence band are defined as τ4 and τ6, respectively. For the photoexcitation at
the wavelength much longer than the QD transition wavelength, we assume the two-step
optical transition through the midgap states [29–32]. In this condition, the electron and hole
generation rates are expressed by IσTB/hν and IσBT/hν, where σTB and σBT are the electron
and hole photoexcitation cross sections, respectively, I is the photoexcitation power density,
h is the Planck constant, and ν is the optical frequency. τ1 and τ2 are time constants for
electrons to be trapped from the conduction band to the midgap state and the time constant
for holes to be trapped from the valence band to the midgap state, respectively. The total
density of the midgap states is defined as NT, in which nT is occupied by electrons. γ and γ’
are the recombination rates in the GaAs transport layer and QDs, respectively. To simplify
the model, instead of introducing upper states in the GaAs conduction band [29–32], the
time constants and capture cross sections are defined as the ones which involve the possible
effects of upper valley states in the GaAs conduction band as well as the effects of excited
sub-band states in the QDs.

Figure 4. Band structure model used in the rate equation analysis.

In the following analysis, we focus on the low-power excitation regime in which our
photo–Hall measurement has been made. A rate equation analysis for the excitation wave-
length shorter than the QD sub-band wavelength has been reported by Golovynskyi [13].
Under low excitation conditions, it has been shown that ρv and RH,v show linear depen-
dences on the generation rate G. Then it has also been shown that the electron and hole
densities in the transport layer are expressed by n = τ3G and p = τ4G [13]. This result is
useful for estimating the electron and hole capture time constants in QDs. Using the values
of n and p evaluated under 940 nm photoexcitation as shown in Table 1, the ratio of τ4/τ3

is determined to be 10.4 independent of the photoexcitation intensity.
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Under 1550 nm photoexcitation, the photocarrier generation is caused primarily by
the midgap states. The basic rate equations for the overall photocurrent can be expressed,
in the GaAs transport layer, by

dn
dt

=
IσTB
hν

nT − n
τ1

− n
τ3

(
1 −

nQ

NQ

)
+

nQ

τ5
, (5)

dp
dt

=
IσBT
hν

(NT − nT)−
p
τ2

− p
τ4

(
1 −

pQ

NQ

)
+

pQ

τ6
, (6)

and in QDs, by
dnQ

dt
=

n
τ3

−
nQ

τ5
, (7)

dpQ

dt
=

p
τ4

−
pQ

τ6
. (8)

In the present model for low photoexcitation intensity, the carrier recombination in
both the transport layer and QDs are neglected. The charge neutrality condition in the
transport layer is written by assuming midgap states with a hole trap nature as follows [33]:

n + nT + nQ = p + pQ. (9)

For steady-state conditions, by equating the time derivatives of Equations (5)–(9) to be
zero, we have the following relations:

n =
IσTB
hν

τ1nT , (10)

p =
IσBT
hν

τ2(NT − nT), (11)

nT =

IσBT
hν τ2

(
1 + τ6

τ4

)
1 + IσTB

hν τ1

(
1 + τ5

τ3

)
+ IσBT

hν τ2

(
1 + τ6

τ4

)NT , (12)

nQ =
τ5

τ3
n, (13)

pQ =
τ6

τ4
p (14)

For understanding the behavior of these carrier densities, we have calculated the
photoexcitation power density dependence of each density. The electron and hole capture
cross sections of the midgap states are varied for fitting the calculated values of n and
p with their corresponding experimental values, as shown in Table 1. The electron and
hole time constants for capture by the midgap states are basically proportional to the
reciprocal of their available destination state densities [34,35], and can be regarded as
constant as long as the nT/NT value is not too close to unity or zero. In our steady-
state calculation, we have assumed constant values as the long-term time constants for
electrons and holes, τ1 = 7.1 ns and τ2 = 91 ns, to simplify the calculation. These values
have been taken by referring to the range of recombination lifetimes for electrons and
holes as reported on epitaxial GaAs layers [36–38]. Other parameter values necessary for
the calculation have been taken from the literature: τ3 = 0.5 ps and τ4 = 5 ps [39] (being
consistent with τ4/τ3 = ~10 as estimated from the 940 nm excitation case as described
above), τ5 = 0.5 ps and τ6 = 2.5 ps [40,41]. The electron and hole state density NQ has been
assumed to be 3.4 × 1016 cm−3 by taking account of not only the ground states but excited
states in the QDs which have the actual QD density of 1.7 × 1015 cm−3 as determined
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from the atomic force microscope evaluation [12]. The obtained results of the dependences
of various parameters as functions of the photoexcitation power density are displayed
in Figure 5. In this calculation the capture cross section values have been assumed as
σTB = 3.0 × 10−15 cm2 and σBT = 8.0 × 10−14 cm2. The hole capture cross section is larger
than that for electrons as hole trap nature is considered. Similar cross section values have
been reported on various deep levels including electron and hole traps in GaAs-based
materials [16,42–44]. In Figure 5, the cross symbol in each figure indicates the experimental
data obtained at the photoexcitation power density of 0.32 W/cm2.

(a) (b)

 

 

(e) 

(c) (d) 

Figure 5. Calculated results of the photoexcitation power density dependence of (a) n and p, (b) ρv,
(c) µH, (d) RH,v, (e) nT/NT, nQ/NQ, and pQ/NQ. The experimental plot of each parameter is indicated
by a cross symbol.

As shown in Figure 5a, the hole density increases linearly with the photoexcitation
power density, whereas the electron density starts from a much smaller level but increases
super-linearly with an exponent of ~3/2, and they look to eventually merge in a higher
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excitation region. The hole density saturation shown in the high excitation region is
consistent with the midgap states becoming occupied as indicated by the increase in nT/NT

in Figure 5e. In the transition region around the 10 W/cm2 excitation power density,
an inflection occurs in the photoresistivity as well as in the Hall mobility and a sign
change occurs in the Hall coefficient, as shown in Figure 5b–d. Thus, the Hall coefficient
sign reversal found in our experiment is interpreted to be the interplay between the
excitation intensity and carrier densities. Although the matching between the calculation
and experiment has been performed only at a single excitation power density in this study,
all the material parameters, as shown in Figure 5, have been consistently determined using
the present model. This provides reasonable support to the viability of the proposed model
and interpretation. In Figure 5a, the carrier densities calculated for the case without QDs are
also plotted, but they show no significant difference from those with QDs. It is also seen in
Figure 5e that carriers being trapped in QDs are negligibly small even in the high excitation
region in our experiment. In the steady-state condition under the 1550 nm photoexcitation,
the photocurrent generation and transport are governed by the midgap states. The situation
may drastically change under the ultrafast laser pulse excitation usually adopted in PCA
operation, where the lifetime-shortening effect caused by the QDs [9,12] plays a significant
role in determining the photocurrent transient. More detail of this effect is subject to further
research including the proper solution of the full rate equation and the precise measurement
of the photocurrent transient.

4. Conclusions
An InAs/GaAs-QD-containing lateral photoconductor material has been analyzed

using photo–Hall effect measurements under photoexcitation at different wavelengths. The
Hall coefficient sign reversal has been found between 940 nm and 1550 nm. A simplified
band structure and rate equation model, which involves two-step photoionization through
the midgap state, have been used to discuss the mechanism of carrier generation and
transport. Under QD excitation at 940 nm, the photo-generated carrier densities are linearly
dependent on the excitation intensity, and the Hall coefficient is determined by the electrons.
In contrast, under the midgap state excitation at 1550 nm, the photo-generated holes have
orders of magnitude larger density than that for electrons, resulting in the Hall coefficient
sign reversal. Although QDs show no explicit influence on the steady-state photocurrent,
their effect on the photocarrier lifetime is suggested to impact the photocurrent transient
and THz generation/detection properties. Through the present analysis, the roles of QDs
and midgap states in photocurrent behavior have been substantially understood.
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