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Polarized front-illumination response in intraband quantum dot infrared photodetectors at 77 K
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Multicolor quantum dot infrared photodetectors with normal incidence background limited performance
~BLIP! at 77 K were implemented. The devices are composed of self-assembled InAs dots grown on InAlAs
barrier layers, lattice matched to InP substrate. These dots are formed in a shape of flattened parallelepipeds.
The photoconductive spectra were observed at all polarizations. Normal incidence photocurrent spectra reveal
several polarized peaks in the range of 100–400 meV due to intersubband transitions. The detector responsivity
at normal incidence is similar to that obtained for polarization normal to the layers, and is comparable to that
achieved in quantum well infrared photodetectors~QWIP’s!. The transition energies, the polarization selection
rules, and relative intensities of the peaks were tentatively interpreted in terms of a three-dimensional separa-
tion of variables.
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I. INTRODUCTION

It is exactly 200 years since the discovery of infrar
radiation by Herschel.1 All the important applications of in-
frared techniques~sciences, meteorology, medicine, indust
agriculture, free space communication, etc.!, rely on good
detectors. Conventional quantum detectors were im
mented in narrow band-gap semiconductors. However, th
materials suffer from fundamental disadvantages and lim
tions, such as material nonuniformity, relatively high pow
dissipation, l/f noise, device passivation. Semiconductor h
erostructures of reduced dimensionality are emerging as
tential alternatives to bulk narrow-gap materials in imp
menting optoelectronic devices. Quantum well infrar
photodetectors~QWIP’s!, based on intersubband transition
represent this trend.2 In recent years, the study of semico
ductor quantum dots~QD! of nanometer size is of particula
importance. Charge carriers in such dots are confined in
three dimensions to characteristic lengths which are sma
than their de Broglie wavelengths at working temperatur
In addition to having potential device applications QD’s a
an excellent stage for experimental studies of basic quant
mechanical principles. Quantum dot infrared photodetec
~QDIP’s! are expected to have two major advantages o
QWIP’s.3–8 First, QWIP’s have a major drawback that sele
tion rules prohibit the absorption of normal-incident rad
tion. For intersubband transition to take place, the incid
radiation must have an electric field polarized perpendi
larly to the layers. Thus one must resort to either wed
illumination, or to implementing gratings over the detec
arrays. This limitation can be alleviated in QDIP’s as d
scribed below.
0163-1829/2001/63~4!/045323~7!/$15.00 63 0453
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The second advantage of dots over wells is the poten
increase in signal-to-noise ratio. Considering a detector w
volume V, its photocurrent is given byI opt5eGoptgV, and
its dark current isI dark5eGthgV, whereGopt andGth are the
optical and thermal generation rates, respectively,g is the
gain, ande is the electronic charge. Assuming that the op
cal generation rate is uniform throughout the volume, a
that generation and recombination are uncorrelated Poiss
processes, the expression for the noise is given by:

I n5A4e2g2GthVD f 5A4eIdarkgD f , ~1!

whereD f is the noise bandwidth. The right-hand square ro
is the conventional dark noise expression. If, however,
make use of the middle term, we arrive at an expression
the signal-to-noise ratio:

S

N
5

I opt

I n
5

GoptAV

A4GthD f
. ~2!

Therefore, increasing the gain,g, does not affect the signal
to-noise ratio.Gopt is proportional to the quantum efficiency
and can reach 50–80 % in modern QWIP’s by grating te
niques. The major drawback of QWIP’s as compared to b
material is the very large thermal generation rate,Gth , i.e.,
the very short intraband capture time of excited electro
@Gth5n0(T)/tc , wheren0 is the equilibrium electron con
centration above the well, andtc is the recapture time o
excited electrons into the well#. Unlike bulk materials in
which a forbidden gap exists between valence and cond
tion bands, there are no forbidden electron energies betw
subbands in QW’s. The electrons in a QW are confined o
©2001 The American Physical Society23-1
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in the growth direction. Thus, there is a continuum of sta
between the ground level in the well and the barrier in
kx,y plane, wherez is the growth direction. Therefore a
electron can possess any energy above the first quan
level, and can be captured by the well by emitting a phon
This strong interaction results in a capture time in the pi
second range. This is about 3–4 orders of magnitude sm
than in intrinsic band-to-band photodetectors, resulting i
low S/N. In QD’s the electronic potential is confined in a
three dimensions, a zero-dimensional structure is form
and a totally discrete energy spectrum results.9 The energy
separations between discrete quantized levels in the dot
be designed such that their magnitude will not match
energy of LO phonons or their multiples. Relaxation throu
acoustic phonons is much weaker since it requires a m
tiphonon process. One expects suppression of the the
generation mechanisms of electrons through phonons, a
strong reduction of the noise. Thus the signal-to-noise r
of QDIP’s should be significantly larger than that
QWIP’s. This issue is still controversial. Most experimen
results that were based on intraband transitions showed
creased recombination times in QD’s, of the order of 100
compared to;2 ps in QW’s.3,4,10 On the other hand, in a
recent paper by Todaet al.11 it is claimed that the 0D density
of states is superimposed on a continuum of 2D states. T
results suggest an efficient intradot relaxation mechani
proceeding as follows: The carriers can relax easily wit
continuum states, and make transitions to the excito
ground state by resonant emission of localized phonons.
latter conclusion, however, is based on an indirect interp
tation of photoluminescenceinterband transitions. Addi-
tional studies of intraband transitions in QDIP’s are a dir
mean to obtain the true recombination mechanisms.

We initiated the use of quantum dots for photodetect
using InAs/GaAs material system.3,4 The work was extended
to include more suitable systems, in particular the InA
InAlAs/InP QD’s,12 in which relatively large dot concentra
tions are obtained. Moreover, the elongated shape of the
removes most restrictions imposed by polarization selec
rules. Previously reported work on these QDIP’s was
stricted to 24 K. However, since the intention is to use su
devices at much higher temperatures, we report here on
periments performed at 77 K. The high temperature res
are compared to the lower ones. New phenomena are
ported and interpreted.

II. InAs ÕInAlAs ÕInP QDIPs

A. Experimental setup

Self-assembled InAs quantum dots were grown us
Stranski-Krastanov growth mode in an MBE Riber 23
reactor.13 The structure was composed of ten layers of s
assembled InAs dots, separated by 400 Å thick InAlAs b
rier layers. The InAlAs was lattice matched to sem
insulating~001! InP substrate. The barriers were delta-dop
in their center by Si at a sheet concentration of
31011cm22. InGaAs contact layers, 5000 Å thick,n-doped
with Si at a concentration of 131018cm23 and 8
31018cm23, were grown on the top and the bottom of th
04532
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structure, respectively@see Fig. 1~a!#. The dots grow in a
shape of a flattened ellipsoid, around 500 Å long, 300
wide, and 20 Å high, with their long axis along the@ 1̄10#
direction @Fig. 1~b!#, and with a high dot concentration o
731010cm22.13

Since normal-incidence absorption is prohibited
QWIP’s, most experimental data are obtained using a we
@see Fig. 1~a!#. For such configuration the impinging radia
tion is polarized either parallel to the layers~s-polarization!,
or at 45° to the layers~p-polarization!, in which case both
perpendicular and parallel polarizations are present. Se
tion rules for quantum dots allow for absorption of paralle
polarized radiation. Spectra were recorded at normal in
dence with polarization either along they @ 1̄10# axis, or
along the x @110# axis. In the wedge configuration, th
samples were cleaved along the@110# and the@ 1̄10# direc-
tions, and were illuminated through a 45° wedge, polish
along the@110# direction. In thes-polarization~TE!, the elec-
tric field is parallel to the width of the dots, thex-axis. In the
p-polarization, due to the 45° wedge, 50% of the compon
of the electric field is along the growth@001# direction~TM!,
z-axis, and 50% is in they plane. Thus, the observed trans
tions are polarized both in they and z directions. Here we
record spectra for polarization along the height of the d
which is not attainable in the front illumination. It must b
emphasized that, due to the elongated shape of the dots
sorption of radiation polarized along thex-axis could differ
from that at they-axis.

FIG. 1. ~a! Detector structure and illumination configuration
x-polarization is attainable either in front or at wedge illuminatio
Purey-polarization is observed at front illumination, but mixedy
1z polarization at wedge illumination.~b! AFM image of uncapped
sample with axes definition.
3-2
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B. Experimental results

1. Spectral characteristics

The quantum dots were investigated by the photocur
and absorption spectroscopy. The photoconductive spe
presented here were obtained using a Mattson Cygnu
FTIR for various biases and polarizations, at 77 K. So
preliminary experimental results of the same samples at 2
were reported earlier.12 Results at both temperatures serve
a basis for the analysis presented here.

Front and wedge illuminated spectra are shown for rad
tion polarized along the length~y-axis! @Fig. 2~a!# and the
length plus height~y1z-axis! of the dots@Figs. 2~b! and
2~c!#, respectively. The spectra in the figures are normali
by dividing the signal to the bias voltage, and to the amplifi

FIG. 2. QDIP photoconductive spectra at 77 K for:~a! y-axis
polarization at front illumination.~b! y1z-axis polarization at
wedge configuration.~c! same as~b! for different detector site and
different optical alignment. Note the multipeak nature of the m
peak, indicated by arrows. The sharp notch at 290 meV is du
atmospheric CO2 absorption.
04532
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gain. At they polarization a wide peak, centered at about 2
meV, is observed. The basic waveform for the fro
y-polarized spectra are similar at all biases. However,
structure seems to be composed of more than one peak.
double-peak structure is more pronounced at large bia
where two peaks emerge, at about 240 and 280 meV.~The
sharp notch at 290 meV is due to atmospheric CO2 absorp-
tion!. The y1z polarized spectra obtained with the wed
configuration exhibit a much broader multiple peak. Tw
examples of such spectra are presented, taken with diffe
detector elements. The first, at Fig. 2~b!, is similar to Fig.
2~a!, except that the peaks at 240 and 280 meV are w
resolved. The second,@Fig. 2~c!# is extending to higher en
ergies, with additional peaks, about 40 meV apart.

New peaks, at about 100 and 150 meV, emerge in
x-polarized spectra@Figs. 3~a! and 3~b!#. Comparison of the
bias dependence of these two peaks to those obtained fo
y spectra shows a striking difference in their behavior. T
intensity of the higher-energy band after the spectra are
malized ~see above! is unchanged while that of the
x-polarized peaks increases superlinearly. The high-ene
band in thex polarization is narrower, it is not split under a
biases, and it is not clear whether the 240 meV componen
present at all. Measurements performed in a wedge confi
ration, presented in Fig. 3~b!, show basically the same spe
tral lines as in the preceding measurements. However,
relative intensities of the various lines are drastically diffe
ent. In particular, the peak at about 150 meV, which is har
observed in the front illumination spectrum@Fig. 3~a!# in-
creases with applied bias by orders of magnitude, and at

to

FIG. 3. QDIP spectra at 77 K forx-axis polarization:~a! front
illumination ~b! wedge configuration.
3-3
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largest bias it becomes the dominant peak.
Infrared absorption measurements were performed o

similar sample but with dot doping concentration of
31012cm22 and with no contact layers. The norma
incidence spectrum taken at 77 K, is presented in Fig. 4.
unpolarized peaks at 78, 82, and 85 meV are due to t
phonon absorption in the InP substrate. A single,x-polarized,
absorption line appears at about 100 meV. At 77 K this l
shows extremely high-peak absorption of about 26% an
full width at half maximum of 15 meV. This peak arise
undoubtedly from the same intraband transition as the
reported by Weberet al.14 The oscillator strength is deduce
to be f 52m0vm2/\e2518, which is larger than the oscilla
tor strength associated withz-polarized conduction intersub
band transition in GaAs QW’s (f 514).

2. Detector performance

The detector dark current as a function of bias volta
presented in Fig. 5, was measured with cold shield to eli
nate background radiation for various temperatures in
range of 50–110 K. Also shown is the current due to ba
ground radiation forF#1, at front illumination, with the de-
tector atT540 K. The curves are nonsymmetric with respe
to negative and positive bias, as expected from the nons
metric structure of the device~i.e., wetting layer exists on
one side of the dots, interface roughness different for InA
grown on InAs, or vice-versa,d-doping on one side only
etc.!. By comparing the background~dotted! curve to the
dark current curves, we conclude that background limi
infrared performance~BLIP! conditions prevail at 77 K re-
sponse to all detected energies up to;1-volt bias. The domi-
nant contribution to the signal up to this voltage is due to
bound-to-continuum broad band at 200–300 meV~4–6mm!.
This means that the studied QDIP’s are BLIP up to 77 K
this spectral range. This occurs at normal incidence and
detectors with only ten dot periods. There is a sharp incre

FIG. 4. 77 K normalized transmission spectra at normal in
dence of a sample containing ten planes of InAs islandsn-doped at
131012 cm22. The incident light is polarized parallel to@110# ~full

curve! or @ 1̄10# ~dotted curve!. The inset shows the intraband a
sorption spectrum of the dots for light polarized along@110#. The
spectrum has been obtained by taking the ratio of the@110# and the

@ 1̄10# spectra in order to get rid of the InP substrate contributio
04532
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of slope in the dottedI -V curve of Fig. 5 above 1 V. This
coincides with the bias at which the 8–12mm peaks start to
contribute to the signal. It should be emphasized that BL
conditions still prevail at these voltages for temperatures
to 60 K.

C. Analysis and Discussion

Several intriguing features are evident when compar
the various spectra. The responses for normal and we
excitations polarized in thex direction should be similar, if
not identical. However the measurements of Figs. 3~a! and
3~b! are drastically different. The dominant peak at 150 m
of the spectrum recorded for the wedge configuration
hardly noticeable for front illumination. Similarly, there ar
major differences between they and they1z-polarized spec-
tra that cannot be attributed just to the addition of t
z-component. Moreover, the data obtained at 24 K, as
ported previously,12 differs significantly from the present on
measured at 77 K.

Four physical mechanisms determine the peak signal
tensities in the observed photocurrent:

a. Absorption coefficient, which strongly depends
wavelength and dot dimensions.

b. Carrier population, which strongly depends on dot
mensions and temperature.

c. Effective absorption length–strongly depends on il
mination configuration and wavelength.

d. Carrier transport to the contacts that result from em
sion of the confined carriers into the continuum which d
pends on the excited energy level and the bias.

The difference between they-polarized response at th
two configurations can most likely be attributed
waveguiding of the incident radiation within the layer. Th
plasmon-driven index of refraction of the top and botto
InGaAs contact layers is lower than that of the QD structu
Therefore, the wedge-illuminated configuration is confin
along the QDIP layers. Obviously, there is no confinem
for front illumination. Thus, the effective absorption leng
is greatly enhanced in the wedge configuration. The mu

-

.

FIG. 5. Dark currents~full lines! and current including 300 K
background radiation~dotted curve! characteristics for front illumi-
nation. BLIP prevails at 77 K up to a bias of about 0.7 V.
3-4
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peak character of the high-energy band is attributed to mo
layer thickness fluctuations, which vary between three
seven monolayers. Their electron population, the absorp
coefficient of the transition, and the effective absorpti
length affects the contribution of dots of different sizes to
spectra. The larger dots have deeper confined levels. Th
fore they are more populated in comparison with sma
dots. On the other hand, the transition energy from
ground state of these dots to the continuum at the barrie
larger. Therefore the absorption coefficient for this transit
in larger dots is smaller. The combination of the lower pop
lation and larger absorption coefficient will enhance the p
intensity for smaller dots when increasing the absorpt
length, as evident by comparing the spectra of front a
wedge configurations. The relative decrease in populatio
smaller dots with decreasing temperature causes the b
peak to shifts to higher energies at 24 K.12 A similar broad
multipeak was found in photoluminescence~PL! experi-
ments performed on similar structures.14 This effect is
mostly pronounced in Fig. 2~c!, in which 6–7 peaks are re
solved, with average spacing of about 42 meV. This may
compared to an energy spacing of 58 meV reported by W
ber et al.14 The differences arise from including the confin
ment energy of holes in the interband PL transitions, wh
those of Fig. 2 are due to pure electronic intraband tra
tions.

The additional high-energy contribution to the spectra
Fig. 2~c!, as compared to Fig. 2~b!, stems from the contribu
tion of larger dots, in which the initial energy level is deep
with respect to the barrier level. The absorption coeffici
for transitions in the smaller dots is larger than that at
large dots. A short absorption length is enough to saturate
absorption from the small dots, while it is too short for sho
ing the effect for the large ones in front illumination. Increa
ing the effective absorption length in the wedge configu
tion enhances the absorption from the bigger dots, whic
evident in the spectra. The fact that this effect is more p
nounced in Fig. 2~c! than in Fig. 2~b! arises from two pos-
sible effects:~a! the spectra were taken for two differe
detector elements;~b! the illumination conditions were dif-
ferent, causing different coupling of light, thus changing t
absorption length in the two experiments.

The wave guiding effect is very sensitive to the radiati
wavelength due to the refractive-index dispersion. Thus,
effective absorption length varies with wavelengths. This
fect results in the difference between the normal incide
and the wedge illumination for thex-polarized spectra. It is
likely that the enhancement of the peak around 150 m
indicates a strong confinement of radiation at this wa
length, in spite of its low absorption coefficient, as indicat
by its absence from the normal-incidence spectra.

Other interesting differences between the spectra at 7
and those at 24 K~Ref. 12! are the relative intensities of th
various peaks. The peak around 320 meV is very strong a
polarizations and configurations at 24 K. At 77 K it appea
clearly at the wedge configuration@Fig. 2~c!# and only as a
shoulder at other spectra@Figs. 2~a! and 2~b!#. At lower tem-
peratures the larger dots are preferentially occupied w
electrons. Although the intraband absorption coefficien
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weaker for the higher-energy transitions, the larger popu
tion causes their contribution to dominate the spectrum.
the temperature is increased, the increased population o
smaller dots combined with their larger absorption coe
cient shifts the spectra towards lower energies.

The difference between peaks that depend linearly on
and those which increase superlinearly is a result of the p
cess by which bound electrons turn into free carriers. T
various photoconductive peaks can be divided into t
groups. The first group is associated with bound-to-bou
transitions, followed by tunneling. The intensity of the ph
tocurrent peaks associated with these transitions incre
superlinearly with bias since the tunneling probability i
creases with the barrier bending. The peaks at 100 and
meV ~12.4 and 8.3mm! are identified as such. The first pea
increases superlinearly at all biases, while the bias dep
dence of the second start superlinear, and turns linear at
biases. This indicates that the excitation of electrons in
150 meV transition is to a higher bound level than that
the 100 meV peak. The second group of peaks, around
meV, increases linearly with bias. This indicates that they
generated by bound-to-continuum transitions.

A simplistic explanation of the observed spectra is su
gested. Since the dot structure does not possess any sym
try, all confined energy levels are not degenerated. Th
each level is populated with up to two electrons. A rou
estimate of the number of electrons per dot is given by
ratio of the doping concentration in the barrier to the d
concentration, assuming all free electrons populate the d
Thus, the number of electrons per dot is about seven.
cordingly, the 3–4 lowest levels are occupied at low te
peratures. Since there is a rather large variance in dot s
the upper ones may be full in some dots and empty in oth
In the most basic approach it is possible to assume, to a
approximation, that separation of variables applies, and
the dots have the shape of parallelepiped boxes. There
we assign three quantum numbers to each level,nx ny nz ,
associated with thex, y, andz directions. A schematic repre
sentation of the confined energy levels in the conduct
band of the dots is presented in Fig. 6. The first confin
level, e1, serves as a reference. The figure is based on
parallelepiped dimensions of 20 Å3300 Å3500 Å. The
confinement energy of the ground level depends strongly
the dot size, as stated above. The spacing between the b
levels in individual dots of different sizes is less depend
on the QD dimensions. The allowed transitions are those
which one of the quantum numbers changes by an odd n
ber. Arrows indicate the possible allowed transitions fro
the populated lower levels. This diagram gives a plausi
explanation to the origin of the observed peaks. The arro
also indicate the expected polarization of each transition.
energy level scheme is a modification of the preliminary v
sion of Ref. 12 in view of the results that are presented h
Qualitatively, this scheme resembles the results of De
et al.15 which are based onk•p eight-band model.

The single strong peak observed in the absorption sp
trum of Fig. 4 is associated with a deep bound-to-bou
transition. Two transitions may be assigned tentatively
account for this peak. Those are marked as~a!, and ~a8! in
3-5
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Fig. 6. The peak is strongly polarized along the width of t
dots, thex-axis, as predicted. However, while both tran
tions may contribute to the absorption, it is reasonable
associate the peak in the photoconductive spectrum mo
with the bound-to-bounde2-e5 transition~a!, since tunnel-
ing out of thee4 level requires much higher fields than fro
e5. As stated above, the peak shows a superlinear de
dence on the bias. Its energy is almost unchanged in
samples under all experimental conditions. This agrees w
associating it with transitions between deeply-bound sta
for which their spacing are much less sensitive to dot dim
sions. In contrast, the other peaks have slightly different
ergies for different detector elements, which is interpreted
a difference in average dot sizes along the wafer.

The interpretation of the 150 meV transition is less ob
ous. It is probably due to more than one transition from
deep to a shallow bound state. It may be associated te
tively with the x-polarized e3-e6 and e4-e8 transitions
@marked by~b!#. Additional symmetry allowedy-polarized
transitions@marked by~c!# aree3-e8 ande4-e9 at 170–180
meV. They do not show up in the spectra, probably due
small associated matrix elements.

All the peaks in the higher-energy broadband are assig
to bound-to-continuum transitions from the ground level, a
are represented by a single arrow~d! in Fig. 6. They are
basically linearly dependent on the bias, and their polar
tion selection rules are not as strict, due to the nonsymm
cal shape of the dots. The appearance of the different pe
and their dependence on experimental configuration are
sociated with the variation of dot sizes, as described abo

FIG. 6. Simplified schematic representations of the first poss
energy levels in the QD, relative to the first confined level. Arro
represent allowed transitions with appropriate polarizations. O
transitions from occupied to unoccupied transitions are indica
Peaks are polarized in the directions in which the arrows appearEF

is the position of the Fermi level,EB is the barrier height.
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III. CONCLUSIONS

In conclusion, we presented a detailed photoconduc
study of intraband transitions in self-assembled quant
dots. In this high-density matrix we have demonstrated m
ticolor photoconductive spectra. Either bias voltage or in
dent radiation polarization controls the dominant peak.
contrast to QWIP’s, which prohibits detection at normal i
cidence, QDIP’s allow detection at front illumination, whic
is comparable in intensity to that of incidence parallel to t
layers. A tentative explanation, in terms of a thre
dimensional separation of variables, is used. It accounts q
satisfactorily to the identification of the transition energie
polarization selection rules, and the intensities of the
served peaks.

Absorption measurements reveal the oscillator strengt
the transition, which depend on the overlap integral betw
the initial and final levels. These integrals are larger for tra
sitions between two bound levels. The overlap decrease
the final level becomes shallower. On the other hand, ph
conductive measurements depend on both absorption
carrier transport. Thus transitions into shallower levels a
into the quasicontinuum are relatively enhanced, and bec
observable in these measurements.

Thermal generation rate in quantum dots can be sign
cantly smaller than in quantum wells, rendering a much i
proved signal-to-noise ratio. It is shown here that inde
BLIP conditions in the detectors presented above preva
77 K for integral photocurrent response atF#1. The magni-
tude of detector responsivity at normal incidence is 0
A/W, similar to that obtained for polarization normal to th
layers, and is comparable to that achieved in QWIP’s.

These devices can be implemented to form two-color
tector arrays with one common contact, and only one con
for each pixel. This is achieved by alternatively integrati
the output at a bias below 1 V to detect the signal that arise
from the 3–5mm range, then at high voltage, to detect bo
the 3–5 and 10–12mm range, and subtracting the two. A
ternatively, by recording the signal at the same bias at
ferent polarizations. The idea of changing the bias to att
two color detectors was suggested and implemented
QWIP’s.16

The advantage of the front illumination absorption and
higher signal-to-noise ratio of QDIP’s should render a m
ticolor detector capable of operating at temperatures hig
than 77 K. Moreover, the process complexity is reduc
since there is no need of multispectral grating for coupl
the radiation at different wavelengths, which is a proble
that plagues multispectral detection with QWIP’s today.
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