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We have investigated normal-incidence intra- and interband spectra of self-assembled steep InAs/
GaAs~001! quantum dots~QDs! with an average height of;8.0 nm and average base width of;21
nm placed inn– i (QDs) –n photodetector structures. The ground state occupation of the QDs in the
n– i (QDs) –n configuration is examined and used to assign observed intraband transitions. A
photovoltaic effect in intraband photocurrent is observed and shown to arise from induced dipole
moments. Stark shift in interband photocurrent spectroscopy reveals the presence and direction of
interband transition induced dipoles, making this study the first to determine both intra- and
interband dipoles in the same ensemble of QDs. ©2002 American Vacuum Society.
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Self-assembled semiconductor quantum dots1 are a poten-
tial candidate for infrared~3–14mm! photodetectors. Quan
tum dot infrared photodetectors~QDIPs! have intrinsic sen-
sitivity to normally incident infrared light, longer lifetime o
excited electrons due to suppressed electron-phonon sc
ing, and potentially significantly lower dark current.2 Under-
standing the QD intraband transitions as well as transpor
the photoexcited electrons~holes! is central to realizing the
full potential of QDIPs for long-wavelength application. Th
experimental results on long-wavelength InxGa12xAs/GaAs
QDIPs with n–n–n3–10 and n– i –n configurations11–14

show promise. In general, there are two types of intrab
transitions in QDs, namely, bound-to-bound and bound
continuum. It is well known from studies of GaAs/AlGaA
quantum well infrared photodetectors that the highest lo
wavelength infrared detectivity is related to bound-
continuum~or quasicontinuum! intraband transitions.15 This
is so far unclear for the QDIPs. Assignment of intraba
transitions has been hindered by the inhomogeneous QD
distribution as well as uncertain QD state occupation.
QDIPs, whether the initial state of intraband transition
volves ground state or excited states remains unclear in m
cases. Unlike in quantum wells, the state occupation
QDIPs, due to the much smaller real space filling factor
the QDs, could be significantly affected by highly dop
contact layers as well as deep-level defects. Laser-indu
infrared transmission spectroscopy is a useful method
study the QD intraband transitions.16 However, it has the
disadvantage that electron and hole intraband transiti
which are simultaneously detected, need to be distinguis
Combinations ofC–V spectroscopy with infrared transmis
sion spectroscopy17 or modulation reflection spectroscopy18

are attractive ways to study QD intraband or interband tr
sitions for different electron populations. Here, we focus
the larger and more uniformly size-distributed InAs/Ga
QDs formed using the innovative punctuated-island-grow
procedure19 which typically gives a very narrow photolum
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nescence~PL! linewidth of ,25 meV for a single QD layer.
By combining intraband with interband photocurrent~PC!
spectroscopy, and utilizing PL and PL excitation~PLE! spec-
troscopy, we address the issue of state occupation in
QDIPs, and assign the nature of the intraband transiti
observed. In addition, information on QD wave functions h
been extracted from bias-dependent photoresponse beha

The n– i –n QDIP samples were grown on GaAs~001!
60.1° substrates via molecular-beam epitaxy. An undo
active InAs QD region is inserted between highly Si-dop
top and bottom GaAs contact layers. It comprises a stac
five 3.0 monolayer~ML ! steep InAs QDs~grown via the
punctuated island growth approach as described in Ref.!
and 150 ML GaAs barrier spacers. These QDs have an a
age height of;8.0 nm and base of;21 nm.12,19 Addition-
ally, n– i –n QDIPs containing shallow InAs QDs, forme
via continuous 2.0 ML InAs deposition, were also grown a
studied. The shallow QDs have the same base width b
lower height of;3.5 nm as compared to the steeper a
larger QDs.19 The InAs QDs have a density of about
31010cm22. Since the InAs QDs were capped at very lo
temperature~350 °C!, the GaAs capping should not drama
cally change the QD shape and size. Standard photolitho
phy and wet chemical etching procedures were used
QDIP sample processing. The mesas have a diameter of
mm with alloyed AuGe/Ni/Au Ohmic contacts. Long
wavelength and near infrared photoresponse spectros
were performed under normal-incidence geometry. All ph
toresponse spectra were recorded using a current prea
lifier and a rapid-scan Fourier transform spectrometer c
nected to a cryostat with ZnSe windows. The mesa bott
contact was grounded. The photoresponse spectra were
brated with a pyroelectric detector. The near- and lon
wavelength infrared excitation for FTIR PC measureme
were ;1023 and ;1024 W/cm2, respectively, correspond
ing to extremely low carrier occupancies of the QDs.

Figure 1 shows PL, PLE, and PC spectra of the QD
12432Õ20„3…Õ1243Õ4Õ$19.00 ©2002 American Vacuum Society
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sample with the steep 3.0 ML QDs. The PL spectrum at 7
shows a main peak at;1.060 eV with a full-width at half-
maximum~FWHM! of ;36 meV. It is larger than the typica
values of,25 meV for single QD layers since the cumul
tive strain at the GaAs spacer surface affects InAs QD
mation in the upper layers, thus leading to the broader
size distribution. The PLE spectrum at 78 K recorded a
detection energy of 1.060 eV shows several peaks. Com
ing with our previously reported PL and PLE data on t
steep InAs/GaAs QDs,19,20 we assign the main PL peak a
the ground state interband transitions of InAs QDs. In
PLE spectrum, peak 0 at 1.092 eV is separated by 32 m
from the main PL peak. This is close to the QD LO-phon
energy21 and the peak is thus identified as a LO-phonon r
lica. Peak 1 at 1.120 eV, peak 2 at 1.143 eV, peak 3 at 1.
eV, and peak 4 at 1.227 eV are excited interband transit
of the QDs.20 The interband PC spectrum at 77 K at a bias
10.58 V ~Fig. 1, solid line! shows two clear peaks and
broad background increasing with energy~within the mea-

FIG. 1. Near infrared photoluminescence, photoluminescence excita
spectra~at 78 K!, and interband photocurrent spectrum~at 77 K and at a bias
of 10.58 V! for the steep InAs/GaAs quantum dots. The observed peaks
described in the text.
J. Vac. Sci. Technol. B, Vol. 20, No. 3, May ÕJun 2002
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sured range!. Peak A at 1.065 eV can be assigned as
ground interband transition, which corresponds to the m
PL peak. Peak B at 1.139 eV can be assigned as the ex
interband transitions of the QDs, which corresponds to
PLE peak 2. A slight peak position shift between the PC pe
A and the PL main peak~also between peak B and the PL
peak 2! is a manifestation of contribution from the Sta
effect22 and the charging effect on the InAs QD exciton23

spatial variation in QD size, and different probing mech
nisms between PC and PL and PLE spectroscopies.

Typical normal-incidence long-wavelength infrared P
spectra of the steep QDs at 77 K at different biases
shown in Fig. 2. At a positive bias of10.58 V, the intraband
PC spectrum~top curve! shows a main peak at 174 me
~7.14mm! with a FWHM of 35 meV~1.37mm! and a small
peak at 115 meV~10.8mm!. At a negative bias of20.58 V,
the intraband PC spectrum~middle curve! shows a main
peak at 174 meV with a FWHM of 20 meV~0.79mm! and a
small peak at 110 meV~11.4 mm!. Note that even at zero
bias~bottom curve! PC is observed at 77 K and shows a pe
at 172 meV~7.25mm! with a FWHM of 29 meV~1.13mm!.
This is thus a photovoltaic effect. All the peaks~at 110/115
and ;174 meV! correspond to QD intraband transitions.
slight variation in peak position~,3 meV! and FWHM of
the intraband PC spectra between positive and negative
can be due to differences in gain and QD electron occupa
between positive and negative bias. Importantly, from
fact that at 77 K we observe both ground interband transit
as well as intraband transition photoresponse at the same
and temperature, we can conclude that the ground state
the steep InAs QDs in these QDIPs are, on the average,
partly occupied at 77 K~at least at a bias<10.58 V!. The
observation of the intraband transitions indicates that
electrons present in undoped QDs are transferred and/o
jected from the heavily Si-doped GaAs top and bottom c
tact layers at 77 K~since undoped epitaxical GaAs layer isp
type!. It is thus concluded that the intraband peaks obser
in these structures are due to transitions between elec
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FIG. 2. 77 K intraband photoresponse of the steep InA
GaAs quantum dots at a bias of10.58 V ~top curve!,
20.58 V ~middle curve!, and 0.00 V~bottom curve!.
The zero of the upper and middle curves are shifted
clarity. The lower curve~at zero bias! is enlarged 1000
times. Inset~right!: intraband peak photocurrent~at bias
of 60.40 V! versus reciprocal temperature. Inset~left!:
schematic of InAs/GaAs QD electron energy levels.
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ground states and excited states of the steep InAs QDs
addition, the dominant intraband peak has the same p
position at;174 meV at 77 K over the entire bias rang
from 20.80 to11.00 V.

Our inference about the QD state occupation is furt
supported by the temperature dependence of the intrab
PC at;174 meV. We find that the long-wavelength phot
response of the steep QDs does not disappear at zero
from 7 to 100 K. The inset~right! of Fig. 2 shows the inten-
sity of the main intraband PC peak~at 174 meV! as a func-
tion of reciprocal temperature. At positive and negative b
~10.40 and20.40 V!, the intraband photoresponse sho
similar temperature dependence. Below 20 K, the PC
nearly independent of the temperature. This suggests
electrons in the QDs can be contributed via tunneling from
contact~emitter! layer. Between 20 and 77 K, the temper
ture dependence of the intraband photoresponse corresp
to an activation energy of 25615 meV. This suggests that th
QD ground state energy is located slightly above the lo
chemical potential, consistent with the statement that the
ground states are, on the average, partly occupied. At hig
temperatures~.80 K!, the intraband PC decreases with i
creasing temperature. This is likely due to a decrease in
photoexcited electron lifetime at higher temperature.

Our systematic temperature and excitation power dep
dent PL and PLE studies20 suggest that in the steep QDs th
electron ground state binding energy, i.e., the ground sta
the GaAs conduction band edge separation, is 300650 meV.
This implies that the intraband photocurrent transitions
110/115 and 174 meV correspond to bound-to-bound tra
tions. In order to confirm this bound-to-bound assignmen
the transitions in the steep QDs, we compared their beha
to our study of the PL and FTIR intraband PC spectra~Fig.
3! of the shallow 2.0 ML InAs/GaAs QDs~with an average
base width of about 21 nm and average height of about
nm!. The PL and intraband transition of the shallow InA
QDs have main peaks centered at 1.152 eV and 206615
meV, respectively. This indicates that the interband grou
transitions and the main intraband transition of the shal

FIG. 3. 77 K intraband photoresponse of steep and shallow InAs/GaAs q
tum dots at a bias of10.41 V. Inset: 77 K photoluminescence spectra of t
steep and shallow quantum dots.
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QDs are blueshifted by 92 and 32615 meV, respectively,
relative to the steep QDs. The observed interband bluesh
consistent with the well-established fact that large QDs h
larger electron ground state binding energy than sm
QDs.24 If the main intraband transitions of the steep a
shallow QDs were bound-to-continuum, the main intraba
transition of the shallow QDs should be redshifted relative
the steep QDs. This, however, is just the opposite of
above-mentioned observation. Therefore, it can be conclu
that the observed intraband transitions of the steep Q
~main peak at 174 meV and weak peak at 110/115 meV! are
bound-to-bound transitions~see left inset of Fig. 2!. How-
ever, it is not clear whether the intraband peaks of the s
low 2.0 ML QD are also due to bound-to-bound transition

Information on the intra- and interband dipole moments
the steep InAs/GaAs QDs is extracted from the bias dep
dence of intraband and interband PC peaks. It should
noted that all PC reported here is alternating current ge
ated by modulated infrared light. Figure 4 shows bias dep
dence of the intraband PC at;174 meV at 77 K. With in-
creasing bias, the PC first rapidly increases by four order
magnitude. Beyond a bias of20.60 and10.80 V, the PC
decreases. This is a negative differential PC behavior, p
ably due to the influence of electron heating and QD cha
ing upon electron capture process as very recently sugge
by theoretical modeling.25 More importantly, there is no
compensation bias observed at which the intraband PC~al-
ternating current! is zero. The absence of a compensati
bias is not explicable in terms of an asymmetric built-in p
tential ~diffusion potential! and, furthermore, rules out in
volvement of bound-to-continuum transitions. The observ
intraband bound-to-bound transition related photovoltaic
fect can be explained by the appearance of an intraband
pole moment. Namely, the shape and inhomogeneous st
dependent intrinsically asymmetric potential of the grow
pyramid-like QDs gives rise to electron wave function ma
center misalignment~along growth direction! between the
QD ground states and bound excited states.26 Upon intraband
transition under the modulated FTIR radiation, the wa
function misalignment induces dipoles along the growth
rection of the QDIP. A displacement between the initial a
final centers of gravity will give an intraband dipole momen
P5(e r21)e0F, wheree r , e0 , andF are the dielectric con-
stant, free space permittivity, and electric field generated

n-

FIG. 4. Bias dependence of the photocurrent of the main intraband pea
steep InAs/GaAs quantum dots at 174 meV at 77 K.



c
e
i

en
e
a
d
ol
-

i
a

-
s
D

he
s
as
t
e

th
f t

ve
ft
un
ol
tio
Q

n
ve
s
ns

b
tro
ed
n

le

y

h
as

nia,

d P.

W.
ett.

.

M.

A.

ar,

er.

B,

off,

e,

tt.

A.

rg,

-

ug-
ial,
ang,
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the charge separation, respectively. This intraband dipole
induce a displacement PC. This inference of a displacem
PC is also supported by the different dependence of the
traband PC on the FTIR modulation frequency at differ
bias ~not shown!. With increasing FTIR scan frequency, th
intraband PC at zero bias rapidly increases, while the PC
high bias~e.g.,10.341 V! remains, by and large, unchange
We also determined the orientation of the intraband dip
using FTIR interferograms.27 The intraband transition in
duced dipoles of the QDs at zero bias under modulated
frared radiation are nearly in phase with the PC at 77 K
high positive bias~e.g., 10.341 V!. Therefore, the orienta
tion of the intraband transition induced dipoles in the InA
GaAs QDs at 77 K is towards the wetting layer from the Q
apex. Interestingly, temperature dependent studies of the
traband spectra and interferograms, to be reported elsew
indicate that the direction of the 174 meV intraband tran
tion induced dipole reverses as the temperature is decre
below ;40 K, suggesting the significance of ground sta
electron occupation and escape routes from the involved
cited states.

In addition, we measured interband PC spectra of
steep InAs QDs at different bias. The bias dependence o
interband ground transition peak at;1.027 eV at 200 K
reveals a blueshift of 5 meV with varying bias from negati
~20.4 V! to positive~10.4 V! bias. The interband Stark shi
indicates that the center of mass of the QD electron gro
state is closer to the wetting layer than that of the h
ground state of the steep InAs QDs. Namely, the orienta
of the interband transition induced dipoles is towards the
apex.

In summary, we have studied normal-incidence intraba
and interband PC spectra of InAs/GaAs QDs. The obser
PC peaks at;110 and;174 meV in the steep InAs QD
grown via the PIG approach, correspond to intraband tra
tions from the electronground to boundexcited states. The
observed intraband photovoltaic effect can be explained
dipoles induced between the ground and excited elec
states in InAs/GaAs QDs. In addition, we have determin
for the first time, the existence and orientation of intra- a
interband transition induced dipoles in the same ensemb
InAs/GaAs~001! QDs.

This work was supported by the DoD Multidisciplinar
University Research Initiative~MURI! program adminis-
trated by AFOSR under Grant No. F49620-98-1-0474. T
authors thank I. Mukhametzhanov and O. Baklenov for
sistance in the growth of the samples.
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