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We report experimental results showing how the noise in a Quantum-Dot Infrared photodetector
(QDIP) and Quantum Dot-in-a-well (DWELL) varies with the electric field and temperature. At
lower temperatures (below ~100K), the noise current of both types of detectors is dominated by
generation-recombination (G-R) noise which is consistent with a mechanism of fluctuations driven
by the electric field and thermal noise. The noise gain, capture probability, and carrier life time for
bound-to-continuum or quasi-bound transitions in DWELL and QDIP structures are discussed. The
capture probability of DWELL is found to be more than two times higher than the corresponding
QDIP. Based on the analysis, structural parameters such as the numbers of active layers, the surface
density of QDs, and the carrier capture or relaxation rate, type of material, and electric field are
some of the optimization parameters identified to improve the gain of devices. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4989834]

I. INTRODUCTION

Quantum dot (QD) and quantum dot-in-a-well (DWELL)
infrared photodetectors have attracted a lot of attention due to
the sensitivity to normally incident radiation which is hardly
possible without optical coupling in quantum well infrared
photodetector (QWIP) and for multiple band detections in the
infrared (IR).l’2 In QD structures, the detection mechanism is
based on the intersubband photoexcitation of the charge car-
riers from confined states in the dots to the continuum or
quasi-bound states. In bulk semiconductors, such as p-doped
(1 x 10" cm®) GaAs, the relaxation time is very short ~0.1
ps, while QDs and DWELLs have longer carrier lifetimes
(up to nanoseconds),”™ which leads to efficient collection
of photo-excited carriers and ultimately leads to higher photo-
conductive gain®” and higher operating temperatures.® The
optical nonlinearities and the gain dynamics in the QD-based
devices are dependent on the carriers’ emission-capture
dynamics of the QDs.> Hence, the capture probability and
relaxation mechanisms of carriers in QDs deserve further
research for the improvement of the performance of the QD-
based devices.

The fundamental noise components, shot noise (G-R)
and thermal noise, are frequency independent. The analysis
of G-R and thermal noises which change with bias voltage
and temperature helps to understand carrier transport and
emission/capture mechanisms such as capture probability
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which is critical in determining the responsivity of devices.
To realize high-performance (higher quantum efficiency,
responsivity, and detectivity) devices, the noise power spec-
tral density, carrier lifetime, and photoconductive and dark
current gain are the most important parameters that need to
be better understood and optimized. The p-type InAs/GaAs
QD structures discussed here are based on holes as charge
carriers instead of electrons. The energy levels (or density of
states) of holes in a QD are much more closely spaced than
those of electrons due to larger effective mass of holes. The
hole-capture dynamics in QD-based structures is important
for future information processing and storage devices.” Thus,
we report comparisons between p-type Quantum-Dot
Infrared photodetector (QDIP) and DWELL’s dark current
gain and capture probabilities, using directly measured noise
power spectral density and dark current.

In a highly p-doped QD structures, photoexcited holes
can undergo several processes. First, the holes can relax back
into the ground state of the QD. A unipolar nature of QDIP
device greatly reduced electron-hole scattering. Photoexcited
carriers have longer lifetime due to reduced hole—phonon scat-
tering because of the phonon bottleneck.* The dominant
hole-hole scattering process is usually not a very fast process.
Therefore, the photoexcited holes that escape from the QD
driven by electric field either relax into a different quantum
dot or will be collected at the contact. Hence, the effective
carrier life time, the capture probability, and the number of
quantum dot layers are very important parameters in deter-
mining the gain and responsivity of the device.

When the carrier is excited from the QD, the time photo-
excited carrier takes before relaxing back into the QD state
is the effective carrier life time. Depending upon the QD
structure, the material, applied bias, and temperature, high

Published by AIP Publishing.
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values of photoconductive gains of n-type QDIPs have been
reported,® ' with the gain values varying from ~1 to ~10°.
High electron mobility in the barrier materials,8 the low
carrier capture probability or long carrier life time,'' and
avalanche mechanisms”™'® are some of the mechanisms pro-
posed for the large measured gain values. There are many
gain measurements for n-type QDIPs, while very few
attempts, such as p-type GaAs/AlGaAs QWIP'? and Ge/Si
QDIP,"? have been made so far to study the gain experimen-
tally for p-type detectors. In this article, we present a study
of the noise, noise gain, and capture probability of holes in
highly p-doped InAs QD-based DWELL and QDIP. The cap-
ture probability of holes in DWELL is found to be about two
times higher than the corresponding QDIP.

Il. DEVICE STRUCTURES AND EXPERIMENTAL
PROCEDURES

The detectors were grown by molecular beam epitaxy
(MBE), consisting of 10 stacks of quantum dot and dot-in-a-
well structures sandwiched between two highly doped
pt-GaAs contact layers, grown on a semi-insulating GaAs
substrate. The only difference between QDIP and DWELL
is that in DWELL, the InAs QDs are placed in a 6 nm thick
Ing.15Gag gsAs QW which in turn is surrounded by GaAs
barrier layers. The dot density is about 5x 10'cm™2
A o-doping technique is used with a sheet density of
5% 10" cm™? p-type Be-dopants placed above the 13nm
thick GaAs spacer which introduces about 10 free holes in
each QD. The QD layers are separated by thick (~80nm)
GaAs barriers to suppress the tunneling emissions between
adjacent layers. The QDs have nearly pyramidal shape with
the average base widths of ~20-25nm and height of ~5 nm.
The devices were fabricated into square mesas of 400
% 400 um? with an optical window of 260 x 260 pm? which
allows front-side illumination. Other details of both devices
are given in Lao er al.'*"?

To characterize the device, the square mesas and the
ohmic contacts on the top and bottom layers were fabricated
using standard wet chemical etching. Then the device was
mounted on the cold head of the liquid nitrogen-cooled
dewar and liquid helium-cooled cryostat to allow measure-
ments of noise power spectral density and dark current. The
voltage and current noise spectra were then amplified using a
Stanford Research System, SR560 low-noise voltage ampli-
fier with a fixed gain of G= 1000 and an SR 570 low-noise
current preamplifier, respectively, and measured using an HP
SRS-SR785 fast Fourier transform spectrum analyzer.

The p-type In(Ga)As/GaAs QDIP and DWELL are
based on valence-band intersublevel hole transitions as
opposed to conventional electron transitions. Two response
bands observed at ~1.5-3 and ~3-10 um are due to transi-
tions from the heavy-hole to spin-orbit split-off QD level
and from the heavy-hole to heavy-hole level, respectively.
The dominant bound to continuum (heavy hole (hh) to hh)
transitions are indicated by arrows in Fig. 1(a). At 78 K, both
QDIP and DWELL display promising results, such as a spe-
cific detectivity of ~1.8 x 10° jones and maximum quantum
efficiency of 17% and 9%, respectively, without employing
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FIG. 1. (a) The valance band structure of DWELL without the spin orbit
split off band. The dominant bound to continuum [heavy hole (hh) to hh]
transitions are indicated by arrows. The only difference between DWELL
and QDIP (not shown here) is that, in DWELL, the InAs QDs are placed in
6 nm thick Ing ;5Gag gsAs QW which in turn is surrounded by GaAs barriers
while in QDIP, the InAs QDs are directly sandwiched in the GaAs barriers.
(b) Dark current density of DWELL (blue filled square) and QDIP (red filled
circle) at 77 K. The solid lines are the corresponding calculated fits.

optimized structures, such as the dark current blocking
layers. In order to compare between QD-based and other
heterostructures, a 30 period of 18.8nm p-doped GaAs
emitter and 60nm Al ,3Gag 7,As barrier heterostructures'®
were measured. Both QDIP (and DWELL) and GaAs/
Alg»3Gag 70As display nearly the same response wavelength
range from ~2-10 yum.

lll. RESULTS AND DISCUSSION
A. Dark current and noise power spectral density

An important property that brings about noise and a degra-
dation of device sensitivity is the dark current. Hence, insight
to noise begins with the analysis of dark current. Thermalized
carrier transition from bound state in the QD to quasi-bound or
continuum state contributes to the formation of dark current,
and thus, the dark current density can be estimated as'’

m*kT\ > E
(Ja) = 2ev (W) exp <— ﬁ), (1)

where e is the electronic charge, v is the drift velocity
of holes, £ is the Boltzmann constant, T is the temperature,
hi is the reduced Planck constant, and E, is the activation
energy, and the transport effective mass m* of holes can be

written as’
2
3/2 3/2
m +m
m* _ < lh hh > . (2)

myy + My,

The activation energy depends on the total energy of hole
transport,lg’20 and it can be calculated as

E, = E, — fF, 3)

where F is the applied electric field intensity, Eg is the activa-
tion energy at zero bias (F=0kV/cm), and f is a scaling
parameter in the presence of the electric field. The drift
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velocity is essentially dependent on the electric field®' and
can be expressed as

2 —1/2
vz,uF(l—&-('l:—) ) ) )

where vy is the saturation velocity of holes and y is the mobil-
ity of holes. Substituting Egs. (3) and (4) into Eq. (1) yields

5\ 172 32
- uF m*kT ( Ey— ﬁF)
a) = 2e,uF<1 + <Vs> ) (271712) exp e

®)

Equation (5) is fitted to the experimentally measured dark
current density for DWELL and QDIP at 77K as shown in
Fig. 1(b). The fitting parameters of dark current density for
DWELL and QDIP at 77K are given in Table I. The values
of mobility are in the range of hole mobility in InAs.** The
saturation velocities are also within the range of saturation
velocities of holes for InAs or GaAs.*® The activation energy
obtained from Arrhenius data isE, = 0.254 V.

At low temperature, the intersubband detectors like QDIP
and DWELL usually show no 1/f noise contribution due to
the unipolar nature of devices and the maturity of III-V tech-
nology.”* Hence, the two major noise contributions are
Johnson noise and shot or generation-recombination (G-R)
noise. Johnson noise is caused by the random thermal motion
of charge carriers, and the Johnson noise current Iy, in terms
of bias voltage V can be expressed as

AKTAf

2
Ly = R

(6)
where R = jTVd, I4 is the dark current, T is the temperature in
degree kelvin, and Af is the bandwidth. The excited carrier
from the QD levels below the Fermi level can escape to the
quasi-bound levels near the continuum, and then tunnel or
thermally escape out of the QD; then travel either to the con-
tact or get trapped in another QDs or in shallow barrier state,
normally a wetting layer state, from which the carrier can
easily escape again. The trapping can also take place in the
excited states of the QD from which the carrier escaped and
recombine into the lower QD levels. These emission and
captures are the main cause of fluctuating number of mobile
carriers (or G-R noise) in the dot and well structures where
the noise current is related to gain g via the general theoreti-
cal description given by Beck® as

p
[, =4eg <1 - 5“) v )

TABLE 1. Fitting parameters for dark current density at 77 K for DWELL
and QDIP structures in the negative bias region.

DWELL QDIP
p (cm*/V s) 245 253
V, (10° cm/s) 1.53 2.36
(107 mC) 1.70 271

J. Appl. Phys. 121, 244501 (2017)

where p. is the capture probability of carriers, and for N
period, the photoconductive gain is given by g = 1/Np,.
Assuming that G-R noise and Johnson noise are statistically
independent, the total measured white noise power spectral
density Sy(f) of photodetector is given by S;(f) = 157,. +13.
Hence, Eq. (7) yields

Iﬁ_,, 1
" del,AF 2N

g ®)

The low-frequency current noise power spectral density
is usually estimated within the G-R model as

S(f) = degly. )

It is valid in the range of electric fields and temperatures
where statistical correlations between the elementary
trapping-detrapping events from quantum dots are negligi-
ble. At low temperatures, where fiw > kgT, the quantum
zero-point fluctuations will play a dominant role than the
thermal fluctuations. Therefore, at low temperature and low
bias, the noise current appears to be proportional to the dark
current and is essentially independent of frequency as
shown in Figs. 2(a) and 2(b). Hence, thermally activated
G-R processes from the quantum dots are negligible at low

22y QDIP at 78K

10-23
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FIG. 2. Noise power spectral densities of QDIP (a) and DWELL (b) at 78 K
for different biases. Both structures display similar noise behavior except the
DWELL has lower power spectral density below the noise floor of noise mea-
surement set up for bias voltage below —1.4 V. These noise spectral densities
exhibit a linear dependence with external bias voltage, that is, shot (G-R) noise.
The decreasing tendency of noise spectral density at the highest measurable
frequency is due to the bandwidth limitation of low-noise pre-amplifier.
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temperature. As a result, the G-R noise, which is character-
ized by random fluctuations in the current density, is the
dominant noise source for QD-based detectors. ' However,
as the temperature increases from ~100K to 130K, in addi-
tion to the G-R noise, the 1/f noise current at lower frequen-
cies and thermal noise currents have significant contributions
to the noise power spectral density of QDIP as shown in
Fig. 3. The noise spectral density has generally a form S(f)

=%+4qldg(m) +48L, where f. is the cut-off fre-

quency for G-R noise. The theoretical fits in Fig. 3 show the
cut-off frequencies beyond the band width of experimental
measurements. These theoretical fits enable us to predict
the cut-off frequency for G-R noise, and as the temperature
decreases from 130K to 90K, the cut-off frequency
decreases from 2.03 x 10°Hz to 1.45 x 10> Hz as shown by
arrow in Fig. 3.

To get further insights into the device capture or relaxa-
tion properties, we measured the noise power spectral den-
sity, S(f), which is nearly proportional to the dark current.
Then, we extract the gain by calculating the G-R noise as per
Eq. (8). The band width of measurement is limited by low-
noise pre-amplifier gain that rolls off at higher frequencies.
The gain roll-off frequency depends on the impedance to be
measured. Therefore, at low bias and low temperature, where
impedance of devices is as high as ~1-10 M-ohm, the band
width of the measurement is limited to a frequency of
~100Hz as shown in Fig. 2. However, for low impedance
condition (high temperature and high bias), up to 100kHz
band width is measured as shown in Fig. 3.

B. Carrier scattering in heterostructures and
QD-based detectors

The carrier scattering or capture probability determines
the responsivity through the photoconductive gain. In a typi-
cal semiconductor, the electrons and holes scatter via longi-
tudinal optical (LO) phonon and longitudinal acoustic (LA)

10-19

QDIP -06V

- - - = Theoretical fit

"\ 130K
S

10-21

-~

S(f) (A*/Hz)

1 0-23 :

1 0-25 | !
1 100 10k

f(Hz)

FIG. 3. Noise power spectral density of QDIP at —0.6 V and different tempera-
tures. As the temperature increases, 1/f noise at lower frequency and thermal
noise currents will have significant contributions to the noise power spectral
density. Similar behavior was seen for DWELL which is not shown here. The
dash lines represent the theoretical fits. The arrow shows theoretically fitted cut-
off frequency of frequency f. for G-R noise which decreases with temperature.
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phonon emission. But the LO phonons are highly monochro-
matic (~30meV in InAs, ~36 meV in GaAs, and ~46 meV
in AlAs).?® Thus, the carrier relaxation probability through
LO phonon scattering is largely reduced in QD structures
due to discrete energy levels, and the carrier’s relaxation
time from excited states increases. Acoustic phonon scatter-
ing is also reduced because of the conservation of both
energy and momentum between discrete energy levels within
a QD. (The LA phonon energy is 3meV when the wave-
length of the acoustic phonon is of approximately the QD
diameter.) In GaAs/AlGaAs heterostructures where there is
no energy confinement, both LO and LA phonon emissions
cannot be ruled out. Hence, the key advantage of QD- based
devices is the longer carrier relaxation time due to the exis-
tence of discrete energy levels that hamper phonon assisted
carrier scattering,”®?’ the so-called “phonon bottleneck”.
Experimental results showed that carriers within heterostruc-
tures relax much faster than that in QDs and consequently
have lower gain. Figure 4 shows a comparison of measured
dark current gains between QD-based structures and GaAs/
Algy,3Gag 70As heterostructure. Due to the suppression of
phonon scattering mechanism in QD structures, carriers in
both QDIP and DWELL have higher life time as compared
to the heterostructure with reasonably the same response
wave length range, ~2 um—10 um. Thus, the experimentally
measured gain of QDIP and DWELL is significantly larger
than that of GaAs/Alj,3Gag 7,As (Fig. 4).

C. Gain and capture probability

Important characteristics of QD-based IR detectors are
determined almost entirely by the photo-generation rate of
carriers out of the QDs and the recapture (or capture proba-
bility) into the QDs. The capture probability (p.) determines
the responsivity through the photoconductive gain. The
gain and hole capture probability can thus be calculated
using Egs. (7) and (8). Figure 5(a) shows an experimentally

06r o —o— QDIP 100 K
\o —s— DWELL
\ —0— GaAs/AlGaAs
o . .
- o Heterojunction .
04f =, » Y
\I = \0‘ ,O/ ./
% \ LS /O | g
S .\"l. O\O ; 0 './
LR ol gnm
02F . T“}I‘.
9
'Q'O-O'P‘O'Q-Q;Q-Q’O |%-Q-°10'°'°'Q'o-°-°

0.0
-3 -2 -1 0 1 2 3

Electric field(10*V/em)

FIG. 4. Comparison of experimentally measured gain between QD struc-
tures and GaAs/Alj,5Gag 72As heterostructure. Since the phonon scattering
mechanism is reduced in QD structures, both QDIP and DWELL exhibit
higher gain as compared to GaAs/Alj,3Gag7,As heterostructure due to lon-
ger carriers’ life time.
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FIG. 5. (a) Comparison of gain between QDIP and DWELL. QDIP has higher
gain values as compared to DWELL. The inset shows DWELL has higher
capture probability (p.) than the corresponding QDIP. (b) Experimentally
measured capture probability (ll and @ lines) of holes at bias voltage —0.4 V
and different temperatures. The solid line is the exponential fits of capture
probabilities of QDIP and DWELL. Hence, the capture probability increases
exponentially with temperature.

measured gain comparison between QDIP and DWELL. The
gain values of QDIP are higher than the corresponding
DWELL sample. DWELL has additional confinements in the
well that results in additional transitions between bound to
bound which has higher capture probability as compared to
transition between bound to quasi-bound or continuum.
Thus, DWELL has about two times higher capture probabil-
ity than the corresponding QDIP as shown in Fig. 5(a) inset.
As indicated in Fig. 5(b), p. slightly increases as the temper-
ature increases. Although the total number of states remains
constant, due to thermal emission, the unoccupied hole states
in the QDs likely increase with the temperature, and hence,
pe increases with a rate proportional to /KT The capture
probability can also be defined as p, = T/i, where 7, is the
sweep-out or transit time and t,.. is the recombination time
(lifetime). The transit time is given by***

F 2
1+ <”—)
Vg

F ; (10)

T = /’ZQD

where hgp is the QD height and v is the saturation velocity
of holes. The recombination (life)time is*’

J. Appl. Phys. 121, 244501 (2017)

(N+1)L
= = Y
TCClQDhQDZQDV;

Trec
where N is the number of QD layers, agp is the lateral
dimension of QD, L is the spacing between the QD layers,
2op is the surface density of QDs, and V, is the capture rate
of holes. In the case when 1, < 7, the capture probability
pe 1s low, and the gain has the conventional expression as

(N + 1)LuF

1/2°
2

uF
NT[(IZQDhZQDZQDVt (1 + (VS) >

Based on Eq. (12), it is possible to see that optimizing
the structural parameters, such as the QD density Xp, bar-
rier thickness L, number of QD layers N, QDs, and barrier
materials, and tuning the bias voltage F(V) leads to minimize
the capture probability and improve the gain of QDIP and
DWELL. The capture probability (p.) versus gain for QDIP
and DWELL for bias voltages from —3.0 V to 3.0 V is shown
in Fig. 6. For QDIP, a maximum gain of 1.4 was obtained at
—3.0V with a capture probability (least) of 0.05 and a mini-
mum gain of 0.31 was obtained at+0.2V with a capture
probability of 0.3. Similarly, DWELL’s gain follows the
same variation with capture probability except DWELL has
lower gain values as compared to the corresponding QDIP as
expected. Since both gain and capture probability are
expressed in terms of material and structural parameters in
Egs. (11) and (12), it is possible to optimize the device for
higher gain (the responsivity , R o g). Hence, material with
high mobility, number of QD layers with optimized total
thickness, and thickness of barrier (80 nm for GaAs) are
some of the parameters that improve device performance.

Combination of Egs. (5), (9), and (12) yields the expres-
sion for noise power spectral density as

_ T rec

g_N‘c,:

12)

?  Bias voltage from -3.0 Vto +3.0 V
1.24 }&\ —o— QDIP
9 & DWELL
g 0.8
“ -4
&)
78 K
%
0.4 -

0.1 0.2 0.3 0.4 0.5
pc

FIG. 6. The capture probability (pc) versus gain for QDIP and DWELL for
bias voltages from —3.0V to 3.0 V. For QDIP, a maximum gain of 1.4 was
obtained at —3.0 V with the least capture probability of 0.05 and a minimum
gain of 0.31 was obtained at+0.2V with a capture probability of 0.3.
Similarly, DWELL’s gain follows the same variation with capture probabil-
ity except DWELL has lower gain values as compared to the corresponding
QDIP.
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TABLE II. Fitting parameters for noise power spectral density of DWELL
and QDIP at 77 K.

DWELL QDIP
—ve bias +ve bias —ve bias —+ve bias

1 (cm?/V s) 215 95 246 217

V, (10° cm/s) 1.43 1.35 227 225

V,(10° s~ ' m) 200 195 2.98 2.40

S (mC) 1.98 245 3.01 3.58

S(V)
3/2
“kT Eo— BF(V)
822 F2(V)(N + 1)LA (2 (7
W FH(V)(N+1) ) P T
- 1/2
2
F(V
Nradph3pEonV 1+(“ v( ))
s

13)

Theoretical expression for noise power spectral density for
both negative positive bias regions fits well to the experimen-
tal data with fitting parameters in Table II, as shown in Fig. 7.
The fitting parameters of the dark current density in Fig. 1(b)
and the corresponding negative bias noise power spectral
density in Fig. 7 are nearly the same. The differences in the
fitting parameters for the negative (—ve) and positive (4ve)
biases are due to the asymmetry in the structures. Since both
devices have lower resistance for negative bias as compared
to that of corresponding positive bias, the negative bias V
and p are higher than the corresponding positive bias.
Furthermore, theoretical fit to the noise power spectral den-
sity reveals that the capture rate of DWELL is higher than the
corresponding QDIP which agrees with the capture probabili-
ties [inset of Fig. 5(a)] obtained from experimentally mea-
sured gain. However, DWELL architecture offers additional
advantages over QDIP detectors, such as superior optical

B DWELL experimental
m— Calcultated fit

@ QDIP experimental
e Calcualted fit

Bias voltage (V)

FIG. 7. Theoretical fits to the experimental data for both QDIP and DWELL
samples. The constant parameters are N=10, L=80nm, agp=20nm,
hop=5nm, Zop=5 x 10" cm™2 and E, = 0.254eV. See Table II for the
fitting parameters. The fitting parameters of the dark current density [Fig.
1(b)] and the noise power spectral density (Fig. 7) are nearly the same in
each of the structures.
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quality of the quantum dots due to strain relaxation’’?' in
the InGaAs QW, and the ability to independently control
the ground state and excited state energy in obtaining the
bound to quasi-bound transitions for optimizing the capture
probability. Additionally, the optimized bound-quasibound
transition-based device can be further improved by the intro-
duction of confinement enhancing barriers, such as resonant
tunneling barriers around the DWELL 1region,21 which selec-
tively block the dark current while allowing the photocurrents
of the desired wavelengths to pass. This implies that the asset
of DWELL structures deserves further research on the rele-
vant carrier capture and relaxation mechanisms to improve
the gain.

IV. CONCLUSION

The noise power spectral densities of DWELL and
QDIP are experimentally determined. At lower temperature
(below ~100K) and low bias, the noise current of these
devices is dominated by generation-recombination (G-R)
noise. The noise gain, capture probability, and carriers’ life
time for bound-to-continuum or quasi-bound transitions in
both DWELL and QDIP structures are discussed. The cap-
ture probability of DWELL is found to be more than two
times higher than the corresponding QDIP. Based on the
analysis, structural parameters such as the numbers of active
layers, the surface density of QDs, and the carrier capture or
relaxation rate, type of material, and electric field are some
of the optimization parameters identified to improve the pho-
toconductive gain of devices.
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