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Insight into performance of quantum dot infrared photodetectors
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Abstract. In the paper, an algorithm for theoretical evaluation of dark and illumination characteristics of quantum dot infrared photodetectors
(QDIPs) is presented. The developed algorithm is based on a model previously published by Ryzhii and co-workers. In our considerations
it is assumed that both thermionic emission and field-assisted tunnelling mechanisms determine the dark current of quantum dot detectors.
The model permits to calculate the dark current, current gain, average number of electrons in quantum dots, photocurrent, and detector
responsivity as a function of the structural parameters. Moreover, it explains some features of QDIP characteristics.

In several cases, the theoretical predictions are compared with experimental data. Good agreement between both kinds of data has been

obtained.
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1. Introduction

The most advanced III-V infrared detectors, which utilize in-
tersubband or subband to continuum transitions in quantum
wells, are GaAs/AlGaAs quantum well infrared photodetec-
tors (QWIPs). The imaging performance of focal plane arrays
fabricated with this material system is comparable to the state
of art of HgCdTe [1, 2]. The success of quantum well struc-
tures for infrared detection applications has stimulated the de-
velopment of quantum dot infrared photodetectors (QDIPs).
In the past decade, the QDIPs have become a topic of ex-
tensive research not only for the fundamental understanding
of fascinating physics that exists in zero-dimensional systems
but also for their application in infrared optoelectronics [3—
5]. At present, nearly defect-free quantum dot devices can be
fabricated reliably and reproducibly.

In general, QDIPs are similar to QWIPs but with the quan-
tum wells replaced by quantum dots, which have size con-
finement in all spatial directions. Recently, Krisha et al. [6]
has reviewed progress of QD-based focal plane arrays (FPAs)
from the first raster scanned image to a 640x512 camera.
Also first two-color QDIP camera has been demonstrated [7].

In this paper we improve the theoretical model of quan-
tum dot detector elaborated by Ryzhii and co-workers [8—10]
to describe the behaviour of QDIPs under dark and illumi-
nated conditions. We use this model to estimate influence of
some structural device parameters (geometry, impurity dop-
ing, density of dots, number of QD layers), bias voltage and
operation temperature on detector performance. In several cas-
es, the theoretical predictions are compared with experimental
data.

2. Anticipated advantages of QDIPs

The quantum-mechanical nature of QDIPs leads to several
advantages over QWIPs and other types of IR detectors that
are available. As in the HgCdTe, QWIP and type II superllat-
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ice technologies, QDIPs provide multi-wavelength detection.
However, QDs provide many additional parameters for tuning
the energy spacing between energy levels, such as QD size
and shape, strain, and material composition.

The potential advantages in using QDIPs over quantum
wells are as follows:

e Intersubband absorption may be allowed at normal inci-
dence (for n-type material). In QWIPs, only transitions po-
larized perpendicularly to the growth direction are allowed,
due to absorption selection rules. The selection rules in
QDIPs are inherently different, and normal incidence ab-
sorption is observed.

e Thermal generation of electrons is significantly reduced
due to the energy quantization in all three dimensions. As
a result, the electron relaxation time from excited states
increases due to phonon bottleneck. Generation by LO
phonons is prohibited unless the gap between the discrete
energy levels equals exactly to that of the phonon. This pro-
hibition does not apply to quantum wells, since the levels
are quantized only in the growth direction and a contin-
uum exists in the other two directions (hence generation-
recombination by LO phonons with capture time of a few
picoseconds). Thus, it is expected that S/N ratio in QDIPs
will be significantly larger than that of QWIPs.

e Lower dark current of QDIPs is expected than of HgCdTe
detectors and QWIPs due to 3-D quantum confinement of
the electron wavefunction.

Both the increased electron lifetime and the reduced dark
current indicate that QDIPs should be able to provide high
temperature operation. In practice, however, it has been a chal-
lenge to meet all of above expectations.

Carrier relaxation times in QDs are longer than the typical
1-10 ps measured for quantum wells. It is predicted that the
carrier relaxation time in QDs is limited by electron-hole scat-
tering [11], rather than phonon scattering. For QDIPs, the life-
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time is expected to be even larger, greater than 1 ns, since the
QDIPs are majority carrier devices due to absence of holes.

The main disadvantage of the QDIP is the large inhomoge-
neous linewidth of the quantum-dot ensemble variation of dot
size in the Stranski-Krastanow growth mode [12]. As a result,
the absorption coeflicient is reduced, since it is inversely pro-
portional to the ensemble linewidth. Large, inhomogeneously
broadened linewidth has a deleterious effect on QDIP per-
formance. Subsequently, the quantum efficiency QD devices
tend to be lower than what is predicted theoretically. Vertical
coupling of quantum-dot layers reduces the inhomogeneous
linewidth of the quantum-dot ensemble; however, it may also
increase the dark current of the device, since carriers can tun-
nel through adjacent dot layers more easily. As in other type of
detectors, also nonuniform dopant incorporation adversely af-
fects the performance of the QDIP. Therefore, improving QD
uniformity is a key issue in the increasing absorption coeffi-
cient and improving the performance. Thus, the growth and
design of unique QD heterostructure is one of the most im-
portant issues related to achievement of state-of-the art QDIP
performance.

3. QDIP model

In further considerations a QDIP model developed by Ryzhii
et al. is adapted [8—10]. The QDIP consists of a stack of QD
layers separated by wide-gap material layers (see Fig. 1). Each
QD layer includes periodically distributed identical QDs with
the density ¥gp and sheet density of doping donors equal
to Xp. In the realistic QDIPs, the lateral size of QDs, agp,
is sufficiently large in comparison with the transverse size,
hgp. Consequently, only two energy levels associated with
the quantization in the transverse direction exist. Relatively
sufficiently large lateral size, lgp, causes a large number of
bound states in dots and, consequently, is capable to accepting
large number of electrons. Instead, the transverse size is small
in comparison with the spacing between the QD layers, L. The
lateral spacing between QDs is equal to Lop = /X¢gp. The
average number of electrons in a QD belonging to the k-th
QD layer, {(Ny), can be indicated by a solitary QD layer in-
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dex (k=1,2,..., K, where K is the total number of the QD
layers). The QDIP active region (the stack of QD arrays) is
sandwiched between two heavily doped regions which serve
as the emitter and collector contacts.

Generally, in theoretical considerations it is assumed that
the dark current across the device resulting only from car-
rier trapping into and thermionic emission from the QDs.
However, experimental measurements of dark current indicate
on considerable contribution of the field-assisted tunnelling
through the triangular potential barrier, ¢, particularly at
higher operating temperature and larger applied voltage. In
this paper, a model which includes both thermionic emission
and field-assisted tunnelling is used.

Figure 1(b) illustrates schematically quantum dot capture,
thermionic emission and field-assisted tunnelling processes
considered in the detailed balance relation under dark condi-
tions. Both in dark and under illumination, the current across
the QDIP at the applied voltage is accompanied by several
processes such as: thermo- and photoexcitation of electrons
from bound states in QDs into continuum states, capture of
mobile electrons into QDs, transport of electrons between the
charged QDs, and injection of extra electrons from the emit-
ter contact. The last process is caused by redistribution of the
potential in the detector active region as a result of change in
the charges accumulated by QDs, and collection of the excited
and injection electrons by the pertinent contact [9].

According to Ref. 8, the average dark current density in
a QDIP can be expressed as

T N,
<jdark> - jma}(EQ)D/dT2 exp (W); (1)
0

where ¢ ((Ny)) is the potential distribution in the quantum
dot layer as a function of the average number of electrons in
each QD, and jmnax is the maximum current density provid-
ed by the top n™-contact. The value of this current can be
estimated from Richardson-Dushman relation

Jmax = A*T?, 2)

where A* is the Richardson’s constant.
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Fig. 1. Schematic view of the quantum dot structure (a) and conduction band structure of the dot (b)

104

Bull. Pol. Ac.: Tech. 57(1) 2009



Insight into performance of quantum dot infrared photodetectors

It can show that
V+Vp—({N)/Nop)Vap

Udark) = e
Jdark) = Jmax <N> €xp |¢q

(K +1)kT ’
3)
where
/2
s <N> E?)D EogrkBT
0 =" lerf | 047L 4
1| WV eoerksT || /Sap @
and
Vob = 26‘16 K (K +1)YgpL(1-9)Ngp, (5
Vp=-—L K(K+1)SpL, (6)
2e,Er

are the characteristic voltages. In the above equations, V is
the applied voltage, ¢ is the electron charge, ¢, is the dielec-
tric constant of the material from which the QD is fabricated,
but
0.72v2
- 7KL\/Sop

The value of (Nj) can be derived from a detailed balance
relation accounting for emission and capture at a QD. The
balance equation to equate the rates of electron capture into
and emission from QDs under dark conditions is

) »
<]dark> = e p:jD (Gth + G'tun) 5 (8)

where py, is the capture probability, Gy, is the rate of thermion-
ic emission, and Gy, is the rate of field-assisted tunnelling
emission. The capture probability and thermionic emission
rate have been discussed previously in detail [8]. The expres-
sions for these terms are

(N

Nop — (Nk) q* (Ni)
= por ~ 22— exp |- , 9
Dk = Dok Nob exp CankT 9)
and
_ Egp mn* (Nk)
Gm = G, exp (— T ) exp e (10)

wherep, is the capture probability for uncharged QDs close to
1, Ngp is the maximum number of electrons which can oc-
cupy each QD, G, is the thermionic emission rate constant (a
factor that depends on a detector structure), Egp is the ion-
ization energy of the ground state in QDs, m* is the effective
mass of the electron, 1 and k are the Planck and Boltzmann
constants, respectively, and T is the temperature. Cgp is the
QD capacitance given by

86057«&@ D
VT
Using the Wentzel-Kramer-Brillouin approximation for

one-dimensional triangular barrier, the field-assisted tun-
nelling rate is expressed by

C= (1)
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where G, is the field-assisted tunnelling emission rate con-
stant, and E is the electric field across the device.

The potential barrier height is expressed by

Eop — AE
¢p = ———.
q

The quantities in expressions (9), (10), and (12) can be
calculated explicitly, or determined experimentally, except for
G,, Got, and AFE. In this paper, these parameters are used as
fitting parameters in the model and are based on theoretical
estimations and experimental data provided by Stiff-Roberts
et al. [13].

Figure 2 shows the temperature dependence of G,, G,
and jmax. As we can see, G, is almost unchanged with in-
creasing temperature, as expected and its value has been esti-
mated as 10'° s—!. However, G,; demonstrates a significant
decrease with temperature increasing. It indicates that at low
temperature, the tunnelling current has considerable contri-
bution in dark current value. Sequential resonant tunnelling,
which has been observed in quantum-well infrared photode-
tectors [14], could explain the observed behaviour.
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Fig. 2. Temperature dependence of fitting parameters of Go,, Got,

and Jmax

An interesting feature that characterizes the QDIPs is the
existence of current gain. The gain can exhibit a broad range
of values depending on the bias and the type of material in-
vestigated. Assuming that the capture probability is small and
the transit time across one period, Tizns, 1S considerably small-
er than the recombination time from an extended state back
into a QD, 7t, we have

1 7 life 1 1 1
K Tirans K Tirans / Tife K Dok

where p, is the neutral capture probability [see Eq. (9)] and
is equal to the ratio of the transit time, Ty, and the capture
time9 Tlife,

5)

Tiife

The current gain is determined by the capture probability
and the number of QD layers. The product K 7yaps is the total
transit time of the device.
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Table 1
Theoretically calculated quantum dot’s values of electron mobility, transit time and exponential term of Eq. (9) in dependence of trap energy and temperature
I [ch/Vs] Tirans [S]
T [K] Ey [eV] E [eV] exp [—q? (Ni)/CopkpT] (Ng) = 0.5
0.02 0.06 0.07 0.02 0.06 0.07
60 9.11x102 1.8x10° 2.10x10~1 7.83x10~14 3.09%10~ 11 2.63%x10~10 0.11
80 9.43%x 102 2.1x 10! 4.43%x10° 7.68x10~14 2.57x10~12 1.24x10~11 0.19
100 9.58x 102 9.5x10% 2.82x101 7.61x10~14 5.83x10~13 1.94x10~12 0.27
120 9.66x 102 2.2x102 9.33x101 7.57x10~14 2.42x10-13 5.91x10—13 0.34
140 9.71x 102 3.9x102 2.03%102 7.55x10~14 1.48x10~13 2.74x10—13 0.39
160 9.75% 102 5.3%x102 3.35%102 7.53x10~14 1.14x10~13 1.71x10~13 0.44
180 9.77x 102 6.4x102 4.62x102 7.52x10~14 9.90x10~14 1.28x10~13 0.48
200 9.79x 102 7.5%102 5.69%102 7.51x10~14 9.12x10~14 1.08x10~13 0.52
Table 2
Typical parameter values of QDIP fabricated from GaAs or InGaAs
aQp h Xop Yp L K Ngp
10-40 nm 4-8 nm (1-10)1010 cm—2 (0.3-0.6)gp 40-100 nm 1070 8

To estimate both 7. and Tia,s times, we follow Ref. 15.
We will treat the capture rate, V;, as a parameter not to tray
to study its intricate and subtle structure. Then,

(K +1)L
WaéDhQDEQDVt.

Tiife = (16)
The transit time across one period of QD layer is rather
complicated function of the electric field, E, the carrier mo-
bility, p, the effective trap energy, F;, and the volume con-

centration of traps. In general it can be assumed that

hqp
Titans = 2 —7- (17)
uE 1+ (uB/v,)?

Table 1 contains the results of calculations of electron
mobility, transit time and exponential term of Eq. (9) in de-
pendence on the trap energy E; = 0.02,0.06,0.07 eV and
the temperature T' = 60-200 K. According to Ref. 15, the
expected values of trap energies are in the range from 0.092
to 0.06 eV.

Using equations (3) and (8) we have

_c V + Vb = ((N)/Nep) Vop
Jmax gy SXP 14 (K + 1) kT

(18)
= Kq¢XopGung + KqXopGung-

Solving numerically this equation, we can determine the
self-consistent average number of electrons in QDs (NN) and
next other detector’s parameters.

Table 2 contains the reference values of QD parame-
ters. These values are considered for a QDIP fabricated from

GaAs or InGaAs. The self-assembled dots formed by epitax-
ial growth are typically pyramidal to lens shaped with a base
dimension of 10-20 nm and height of 4-8 nm with an areal
density determined to be 5x10'° cm~2 using atomic force
microscopy.

4. Results and discussion

In the next two sections of the paper, we give some numer-
ical results for the interesting QDIP parameter values to ex-
plain the behaviour of detector under the variation of these
parameters. Part of theoretical predictions is compared with
experimental data published in literature. Material parameters
that are used for QDIP calculations are listed in Table 3. They
are representative for self-assembled InAs/GaAs quantum dots
reported in the literature [3-5, 12, 13].

In several cases, the theoretical predictions will be
compared with experimental data reported in Ref. 16 for
InAs/GaAs QDs grown by molecular beam epitaxy on semi-
insulating GaAs(100) substrates. The QDs layers with a dot
density of 101910 dots/cm? were silicon-doped to a level
of n = (0.5-1) x 10'® cm~3. The doping level corresponds
to ~0.5—1 dopant atoms/dot. Cross-section transmission elec-
tron microscope images indicate that the dots were similar to
a lens in shape with a diameter of ~15 nm and a height of
~5 nm. The active region of circular mesa QDIP structures
(400 pm in diameter) consisted of ten layers of Si-doped QDs
with 100-nm undoped GaAs barriers sandwiched between n*-
GaAs contact layers.

Table 3
Material parameters of quantum dots in QDIP calculations
aQp Yop Xp L K Ngp A er m*/m
15nm 101 em™2  (1-10)x10™° cm™2  40-100 nm  10-100 6 200%200 pm? 12 0.023
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Absorption measurements of InAs/GaAs QDIPs demon-
strated tunable operating wavelengths between 6—18 ym using
subband-subband or subband-continuum transitions. The QD
absorption spectrum is generally broad due to the size vari-
ation of QDs comprising the active region of a device. Gen-
erally, the tradeoff between the absorption coefficient and the
absorption linewidth is observed. Thus, even though each QD
individually demonstrates sharp atom-like states, for an array
of QDs the density of states is an inhomogeneous Gaussian
distribution. The optical absorption between the ground and
excited levels is found to have a value [17]

3.5 x 10°
o ————

, [in cm_l],
g

19)
which is inversely proportional to the linewith of the transition
in meV.

In our paper, some theoretical predictions are compared
with experimental data [16] for the samples characterized by
broad absorption near 8 um (Egp = 155 meV at 40 K) which
is in the range of the energy separation between the quantum
dot ground state and the GaAs continuum.

4.1. QDIP’s characteristics in dark conditions. Dark cur-
rent. The dark current is an important parameter in photode-
tector characterization because it determines the base current
level that photocurrent must exceed in order to be detect-
ed. In our considerations we assume that possible sources of
dark current in QDIP include thermal generation of carriers,
thermionic emission from QDs, and field-assisted tunnelling
emission from QDs (other sources, e.g. impact-ionization in
the active region, surface leakage current and ohmic leakage
current are omitted).

Figures 3-6 give the change of the dark current with ap-
plied voltage, temperature, doping sheet density, number of
QD layers and spacing between QD layers. The theoretical
dark current—voltage characteristics in the temperature range
between 40 and 80 K are shown in Fig. 3. As expected, the
dark current increases with temperature increasing. This fig-
ure demonstrates also excellent agreement between theoretical
predictions and experimental data for similar detector struc-
ture at 40 K [16].

An additional insight in I-V characteristic gives Fig. 4,
where influence of the potential barrier height, ¢, on dark
current is presented. It is clearly shown that ¢p affect the
dark current, but mainly in the region of low bias voltage.
Decreasing barrier height causes increasing dark current.

In general, the dark current depends on bias voltage and
operation temperature and it is determined by a generation-
recombination processes in a detector active region. Influence
of these processes depends on electrical charge gathered in
QDs and on trapping energy. Changes of electron mobility
and transit time in dependence on trap energy are shown in
Table 1.

The number of electrons inside the QDs is determined
by the balance of the trapped current into the QDs with the
emitted current from the QDs. When the current increases
with temperature and voltage, the current number inside the
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QD increases and the Fermii level also increases. As a result,
the capture probability decreases and the current gain shows
a dramatic increase with temperature and bias.
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Fig. 3. Current-voltage characteristics versus applied voltage at differ-
ent temperatures. In theoretical estimation, the following parameters
have been assumed: agp = 15 nm, Xgp = 10" ecm™2, ¥p =
5x 10 em™2, K = 10, L = 100 nm, Ngp = 6, ¢5 = 0.005 eV,
and incident photon flux ®, = 8 x 10*7 photons/cm?s for QDIP at
40 K. The experimental data (solid lines) at 40 K are after Ref. 16.
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Fig. 4. Influence of the potential barrier height, ¢, on I-V char-

acteristics at 40 K. In theoretical estimation, the following para-

meters have been assumed: agp = 15 nm, ¥gp = 10t cmfz,

Yp =5x 10" em™2?, K = 10, L = 100 nm, Ngp = 6, and
¢ = 0.001-0.005 eV.

Figure 5 presents the dependence of dark current on the
density of quantum dots and doping sheet density of QDs. At
constant doping density ¥p = 5 x 1019 cm~2 [see Fig. 5(a)],
the dark current decreases with increasing the QD density
due to decreasing number of carriers in quantum dots. The
decrease in repulsive potential of charge carriers in quantum
dots causes increase in the electron capture probability and
decrease in the current gain. In the range of high QD den-
sity, the dark current saturates on different levels in depen-
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dence on a bias voltage. However, as expected, with increas-
ing value of the sheet density at constant QD density equal

0.4 V to 1.2 V, results in increasing the dark current approxi-
mately of about two orders of magnitude almost independently

to Xop = 10'' em™2, the value of dark current increases
[Fig. 5(b)].

a)

Dark current (A)

b)
o T=70K
10 - a,=15nm
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L = 100 nm
T ¥, =10"cm”
107117 NQD=6
T =0005ev
b=
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N V=04V
10° .
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Doping sheet density, %, (10" cm®)

Fig. 5. Dark current versus the quantum dot density, X¢op (a) and

the doping sheet density, >p (b) for different bias voltages at tem-

perature 70 K. In theoretical estimation, the following parameters

have been assumed: agp = 15 nm, Zgop = 10 cm ™2, K = 10,

L =100 nm, Ngp = 6, and ¢ = 0.005 eV.

Next figure (Fig. 6) depicts the change of dark current with
a number of quantum dot layers at different spacings between
quantum dot layers (a) and the change with spacing between
quantum dot layers at different bias voltages (b). Parameters
taken in the calculations are marked inside the figures. We
can see that increasing number of quantum dot layers (spac-
ing between QD layers) causes decreasing of the dark current.
In the range of a number of QD layers K < 20, strong in-
crease in dark current is observed. Increasing spacing between
QD layers from 50 nm to 110 nm results in decreasing dark
current more than one order of magnitude.

Influence of bias voltage on a dark current is stronger,
what is shown in Fig. 6(b). Changes of bias voltage, from
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on spacing between QD layers.
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Fig. 6. Dark current versus a number of quantum dot layers, K (a)
and spacing between quantum dot layers, L (b). Calculations have
been performed for detector parameters shown inside the figures.

Current gain. Current gain of QDIPs has been report-
ed by many research groups and the reported values span
a very broad range form 1 to 10° depending upon the materi-
al, applied bias, and temperature [18—20]. Recently published
theory of diffusion and recombination in QDIPs explains the
reported values of gain [15]. Results of Ref. 15 are adapted
for our calculations.

Figure 7 presents dependence of the current gain on
temperature and bias voltage. The current gain increases
more than 100 times from 60 K to 140 K. The increas-
ing dark current with the temperature injects more carri-
ers inside the QDs. The carrier capture probability through
the QD layer changed dramatically within the temperature
range. The capture process is influenced by the repulsive
Coulomb potential of the extra carriers inside the quantum
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dots. The repulsive potential of the extra carriers suppress-
es the capture process and enhances the current gain. Un-
like in the quantum wells, where carriers flow freely in the
x — y direction, the isolated charge in the QD could gen-
erate potential barrier to electrons passing through the QD
layers.

The current gain increases with the bias voltage, what
has been confirmed experimentally. Good agreement between
theoretical predictions and experimental data is shown in
Fig. 7(b) for QDIP operating at 40 K.

a)

£
S
z
o
5
O

10’

106 a0 100 120 140

Temperature (K)
b)
or— Theory
. --¢-Exp. (Ref. 16)

c10
©
(@)]
=
<
35

0

04 0.6 1.0

Bias voltage (V)

0.2

Fig. 7. Current gain as a function of temperature (a) and bias voltage
(b). In theoretical estimation, the following parameters have been as-
sumed: agp = 15 nm, Xgp = 10"t crnfz, Yp =5x 10" crnfz,
K = 10, L = 100 nm, Ngp = 6, and ¢ = 0.005 eV. The
experimental data at 40 K are after Ref. 16.

The current gain indeed exhibits a broad range of values,
including up to several thousands, depending on the type of
material investigated (especially density of quantum dots and
doping density) and bias. These dependences are shown in
Fig. 8. We can notice that the dependence of current gain on
QD density is similar to dependence of responsivity on Ygp
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[see Fig. 5(a)]. This shows that the change of responsivity is
dominated by the current gain.

a)

10°

Current gain, g
=)

BN
<

10’

2 4 6 8 10

b)

Current gain, g
3

-
o
o
T

101 C L Il Il Il |
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Doping sheet density, =, (10° cm®)

Fig. 8. Current gain versus quantum dot density, X¢p (a) and doping

sheet density, X p (b) for different bias voltages at temperature 70 K.

In theoretical estimation, the following parameters have been as-

sumed: agp = 15 nm, Xgp = 10t crnfz, K =10, L =100 nm,
Ngp =6, and ¢p = 0.005 eV

Additional insight in the current gain gives Fig. 9, where
influence of the number of QD layers, K, and the spacing
between QD layers, L, is shown for several bias voltages,
assuming typical material parameters of quantum dots. The
current gain of the sample containing lower number of quan-
tum dot layers is higher than that of the thicker sample with
higher number of QD layers. As it results from Eq. (14), the
current gain depends inversely proportionally on the number
of quantum dot layers, K. The dependence of current gain on
the spacing between QD layers, L, is stronger in the region
of lower values of L [see Fig. 9(b)].

Average carrier number in dots. It is well understood
that the carrier number inside the quantum dots is essential to
the quantum efficiency and performance of QDIPs. The opti-
mized condition occurs when the ground states are fully oc-
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cupied and the excited states are empty, i.e., two electrons per
quantum dot. Then, the optimal dopant density corresponds
to twice the quantum dot sheet (areal) density [12]. The dark
current increases at higher dopant densities as dopants out-
number, the number of electron states available in the QD
ground state. Whereas at reduced dopant densities, there are
fewer electrons in the QD ground state for absorption.
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Spacing between QD layers, L (nm)
Fig. 9. Current gain as a function of the number of QD layers, K (a)
and the spacing between QD layers, L (b), at operation temperature
80 K. In theoretical estimation, the following parameters have been
assumed: agp = 15 nm, Xgp = 10" em™2, 2p = 6x10'° em ™2,
Ngp =6, and ¢ = 0.005 eV.

Due to the large size of quantum dots considered in our
paper (diameter of 15 nm and a height of 5 nm), the maxi-
mum electron number that a QD can accommodate, Ngp, is
much larger than the average carrier number in the QDs, (N).
As it is indicated in section 3, the average carrier number can
be estimated by solving numerically Eq. (18).

Figure 10 shows the temperature dependence of the es-
timated average carrier number in the dots at different bias
voltages, assuming material parameter marked insight the fig-

110

ure. At a constant bias voltage, increase in dark current with
a temperature can be realized through decrease in average
number of carriers in the dots.

At constant doping density [see Fig. 10(b); ¥p = 5 X
10° cm~2], the average number of electrons decreases with
increasing QD density and saturates in the range of high Y p.
It can be expected that for lower value of X¢p, in the range
below ¥p = 5 x 10'° cm™2, the dependence (N) on Xgp
is conditioned by carriers from heavy doped detector contact
regions.

o o i g
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Average number of electrons
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Fig. 10. The calculated average carrier number in one dot as a func-

tion of temperature (a) and the quantum dot density, 3¢gp, (b) for

different bias voltages. In theoretical estimation, the following para-

meters have been assumed: agp = 15 nm, K = 10, L = 100 nm,
Yp =5x 10 em™2, Nop = 6, and ¢ = 0.005 eV

The device structure design of QDIP has also appreciable
influence on average number of electrons in quantum dots.
Figure 11 presents influence of the number of QD layers, K,
and the spacing between QD layers, L, on () for several
bias voltages assuming typical material parameters of quan-
tum dots. Increasing both K and L causes decreasing average
number of carriers due to effective increasing detector’s vol-
ume.

Bull. Pol. Ac.: Tech. 57(1) 2009



Insight into performance of quantum dot infrared photodetectors
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Fig. 11. Average number of electrons as a function of number of
QD layers, K (a) and spacing between QD layers, L (b), at op-
eration temperature 80 K. In theoretical estimation, the following

parameters have been assumed: agp = 15 nm, $op = 10*! em™2,

Yp =6x10'° cm™, Nop = 6, and ¢5 = 0.005 eV

4.2. QDIP’s characteristics in illuminated conditions. If
a detector is under illumination, infrared radiation causes the
photoexcitation in quantum dots due to the electron transitions
from the bound states in QDs into the continuum states above
the inter-QD barriers (see Fig. 1). When the photoexcitation
of electrons from QDs dominates their thermionic emission,
the photocurrent density can be determined by the following
equation
<jphoto> = qnPsg, (20
where 7 is the quantum efficiency, g is the photocurrent gain,
and &, is the photon flux density incident on a detector.
The absorption coefficient can be estimated using the fol-
lowing equation
o KSN)Bop _ §(N)Eop 1)
KL L ’
where § = 2.5 x 107 cm~2 is the electron capture cross
section coefficient.
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Since the quantum efficiency can be approximated by
n~at~aKL, (22)
where t = K L, then
0qg(N)Zgop®Ps
Pk '
Finally, using equations (3) and (8), we obtain the equation
similar to Eq. (18) for the dark conditions

5q0’ <N> ZQD(I)S

<jphot0> = qPyg (O‘t) =

+ <jdark>
Pk (23)
. x| oV VD = ((N)/Nop) Vo
_]maX<N> p q (K+1)kT 9

from which we can determine an average number of electrons
in QDs (N) and next other detector’s parameters in illumi-
nated conditions.

Photocurrent and quantum efficiency. As indicates
Eq. (19), current gain, and connected with it a number of elec-
trons in quantum dots, has decisive influence in bias voltage
dependence of photocurrent. Figure 12 shows that the pho-
tocurrent gain is insensibly lower than the current gain. Lower
average number of electrons in quantum dots, in comparison
with dark conditions, is conditioned by extra photoexcitation
of electrons by incident radiation.

————— dark
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Bias voltage (V)
Fig. 12. Dependence of average number of electrons and current
gains in dark and illuminated conditions for QDIP detector op-
erating at 40 K. In theoretical estimation, the following parame-
ters have been assumed: agp = 15 nm, Xgp = 10*' cm™2,
Yp =5 x 10 cm™2, Nop = 6, ¢5 = 0.005 eV, and the in-
cident photon flux ®, = 8 x 10*7 photons/cm?s.

In Fig. 3, it is also shown theoretically a predicted curve
for QDIP operating at 40 K in illuminated conditions of inci-
dent photon flux density ®; = 8 x 10'7 photons/cm?s. Again,
the agreement between the experimental results and theory
is good, demonstrating that the elaborated model of QDIP is
valid for a wide range of detector operating conditions.

Figure 13 shows the estimated photocurrent as a func-
tion of K and L. Together with increasing number of the
quantum dot layers as well as the spacing between them, the
photocurrent decreases. The decisive factor which influences
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the photocurrent is dependence of the electron mobility on
an electric field. In the range of K > 30, a saturation of
photocurrent is observed [see Fig. 13(a)]. Also in the range
of a low value of bias voltage, the photocurrent saturation is
observed [see Fig. 13(b)].
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Fig. 13. Photocurrent as a function of the number of QD layers, K

(a) and spacing between QD layers, L (b), at operation temperature

80 K. In theoretical estimation, the following parameters have been

assumed: agp = 15nm, Xgp = 10"t cmfz, Yp = 6x10"° crnfz,
Ngp =6, and ¢ = 0.005 eV

It is obvious that the density of quantum dots and doping
sheet density have decisive influence on quantum efficiency.
Figure 14 shows the change of the quantum efficiency with
the number of quantum dot layers, K, and with the spacing
between them, L, at different values of bias voltage. Increas-
ing quantum dot layers results in increasing active volume
of a detector and the quantum efficiency increases. It can be
noticed, that the quantum efficiency is a weak function of
a spacing value between QD layers [see Fig. 12(a)] and bias
voltage [see Fig. 12(b)].
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Fig. 14. The dependence of quantum efficiency on the number of
QD layers, K (a) and the spacing between QD layers, L (b), at op-
eration temperature 80 K. In theoretical estimation, the following

parameters have been assumed: agp = 15 nm, Xgp = 10*! cm ™2,
Yp =6 x 10" cm™2, Nop = 6, and ¢ = 0.005 eV

Current responsivity. The responsivity is the ratio of the
detector photocurrent to the incident photon power and it can
be defined as ( >

]photo
R, = oD, (24)

In our considerations, we will concentrate on dependence
of responsivity on the temperature, 7', density of the quantum
dots, X p, and the doping density, X p.

Figure 15(a) shows the change of the responsivity with
a temperature at different values of bias voltages. The respon-
sivity increases both with bias voltage as well as with temper-
ature, which are next influenced by a current gain. Also the
change of a carrier number inside the QDs plays an impor-
tant role on the temperature dependence of the responsivity
in QDIPs. The higher the dark current is, the more the charge
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inside the QDs will be. This feature enhances the responsivity
and the performance of the QDIPs at higher temperature.

a)

60 -

a, =15
£ 2100

25  5,=10

< N =0

> o =

z . = 0.00

=40 ¢

c

o

Q.

[}

230

C

o

S

O 20

10“ r R S SRS ST S R
40 60 80 100 120 140
Temperature (K)
b)
140

N -_—
N (@] o] o N
o o o o o

Current responsivity (A/W)

N
o

0.6 08 1.0
Bias voltage (V)

0.2 0.4

Fig. 15. Current responsivity versus temperature at different applied

biasing voltages (a) and versus bias voltage at 40 K. The experimental

data at 40 K are after Ref. 16. In theoretical estimation, the following

parameters have been assumed: agp = 15 nm, Xgp = 10* cm ™2,

Y¥p = 5x 10" em™2, K = 10, L = 100 nm, Ngp = 6,
¢p = 0.005 eV, and &, = 8 x 10'7 photons/crnzs

It can be expected that the saturation of responsivity with
the increasing V' and T results from the changes of elec-
tron mobility (see Table 1). According to Ref. 15, the current
gain in the range of the higher bias voltages and temperature
can even decrease. The mechanism that can make the gain
go down with bias is a decrease in the drift velocity due to
shallow trap limited mobility. So, the photocurrent and re-
sponsivity depend on the trap energy, E;. We notice that the
obtained calculated results give good agreement with experi-
mental work.

Increasing quantum dot density, at constant doping level,
results in decreasing the current responsivity due to decreas-
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ing current gain [Fig. 16(a)]. The highest changes of respon-
sivity occur in the range of low quantum dot density. At higher
densities, the responsivity saturates independently on biasing.
In turn, increasing doping density causes increase in current
responsivity because the number of electrons in QDs increas-
es (also current gain increases) [see Fig. 16(b)].

Current responsivity (A/W)

4 6 . 8,
Quantum dot density, 2., (10" cm”)

b)
180 — ‘ ‘ S
T=70K
a, =15 nm
_ 1800 R0
s L =100 m
3 s =10"cm
S120  Ni,=6
z 0. = 0.005 eV
2
§90 -
(%)
o
‘geo L
5
(@)
30
0

|
2 4 6 8 10 12
Doping sheet density, X, (10” cm®)
Fig. 16. Current responsivity versus the quantum dot density, >qop
(a) and the doping sheet density, Xp (b) for different bias voltages
at temperature 70 K. In theoretical estimation, the following para-

meters have been assumed: agp = 15 nm, K = 10, L = 100 nm,
NQD = 6, and ¢B = 0.005 eV

Detectivity. It results from considerations presented in
section 4.2 that the current gain, in dark and illuminated con-
ditions, is similar (see Fig. 12). Taking into account that ther-
mally limited detectivity is equal to

RivVA
D = 41/2 25)
(4q14arkg)
and
Tgark = QEQDK(Gth + Gtun)gAa (26)
Iphoto = Kéq <N> EQD‘I)SQA, (27)
the following equation for detectivity can be obtained
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D dy/XgpK (N) 28)

2(N
m kTaQD

2qhv {exp T

Figures 17-19 illustrate the change of detectivity with
different parameters: temperature, applied bias voltage, dop-
ing sheet density, number of quantum dot layers, and spac-
ing between quantum dot layers. In calculations, the typ-
ical values of parameters given previously have been as-
sumed.
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Fig. 17. Detectivity as a function of temperature (a) and bias voltage
(b). In theoretical estimation, the following parameters have been as-
sumed: agp = 15 nm, Xgp = 10" em™2, ¥p =5 x 10*° ecm™2,
K = 10, L = 100 nm, Ngp = 6, and ¢p = 0.005 eV. The
experimental data at 40 K are after Ref. 16

As expected, a rapid decrease in detectivity occurs with
the increase in a temperature due to contribution of thermal
generation [Fig. 17(a)]. Low value of detectivity results from
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small quantum efficiency, typically 0.2-0.3% [see Fig. 14(b)].
Changes of detectivity in dependence on a bias voltage are
small. However, the potential barrier, ¢ 5, has stronger influ-
ence on detectivity in the region of a low bias voltage below
0.5 V. Increasing barrier height causes increasing detectivity
[see Fig. 17(b)]. This effect is also connected with increas-
ing number of electrons occupied quantum dots. Experimental
data shown in Fig. 17(b) demonstrate good agreement with
theory over wide range of bias voltages.
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Fig. 18. Detectivity versus the quantum dot density, Xgp (a) and the
doping sheet density, ¥p (b) for different bias voltages at tempera-
ture 70 K. In theoretical estimation, the following parameters have
been assumed: agp = 15 nm, K = 10, L = 100 nm, Ngp = 6,
and ¢ = 0.005 eV

It is obvious that increasing quantum dot density results in
increasing detectivity [Fig. 18(a)]. In this way, both the active
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detector’s area and the absorption coefficient increase. How-
ever, with increasing density of QDs, the detectivity saturates
since the number of electrons in QDs effectively decreases.

In the same way affect changes of doping sheet density
on detectivity [see Fig. 18(b)]. At the beginning, increasing
doping density results in increasing detectivity. In this range
of doping density, influence of increasing number of carriers
in QDs prevails influence of thermal generation. However, in
the range of higher doping density (above 3.5 x 10'° cm~2 for
bias voltage 0.4 V) influence of thermal generation is domi-
nant and detectivity decreases. With increasing bias voltage,
the maximum of detectivity moves in a direction of lower
doping concentration.
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Fig. 19. The dependence of detectivity on the number of QD layers,

K (a) and the spacing between QD layers, L (b), at operation tem-

perature 80 K. In theoretical estimation, the following parameters

have been assumed: agp = 15 nm, K = 10, ¥gp = 10! ecm™2,
¥p =6 x 10'° em™2, Nop = 6, and ¢ = 0.005 eV

Detectivity of QDIPs depends essentially also on the de-
tector design. Figure 19 presents the change of the detectivity
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with the number of the quantum dot layers, K, and with the
spacing between, L, at different values of bias voltage. In-
creasing number of quantum dot layers results in increasing
active volume of a detector and the detectivity increases. Fig-
ure 19(b) indicates that the detectivity is a weak function of
a spacing value between QD layers especially at higher bias
voltages.

5. Conclusions

The intention of this paper is theoretical evaluation of QDIP
performance under dark and illumination conditions in depen-
dence on different values of material parameters and design
of active detector’s region. The developed algorithm is based
on a model, previously published by Ryzhii and co-workers,
and assumes that both thermionic emission and field-assisted
tunnelling mechanisms determine the dark current of quan-
tum dot detectors. The model permits to calculate the dark
current, current gain, average number of electrons in quan-
tum dots, photocurrent, detector responsivity and detectivity
as a function of the structural parameters. Moreover, it ex-
plains some features of QDIP characteristics.

The obtained theoretical predictions explain a sharp dark
current-voltage characteristic of QDIPs and strong depen-
dence of the dark current on the density of quantum dots in
the detector and the doping level of the active region observed
in experiments.

In general, however, it is rather difficult to compare theo-
retically the predicted performance of QDIPs with experimen-
tal data. Such comparison requires accurate control of quan-
tum dot detector’s design parameters. In the most of published
papers, the required parameters are not given. On account of
this, only part of the predicted detector characteristics are
compared with these measured experimentally. Good agree-
ment has been obtained between theoretical predictions and
experimental data published in Ref. 16 (dark current and pho-
tocurrent, current gain, current responsivity and detectivity).

Improving QD uniformity is a key issue in the increasing
absorption coefficient and improving detector performance.
Optimization of the QDIP architecture is still an open area.
Since some of the design parameters depend on a device struc-
ture (photoconductive and noise gains, dark current, quantum
efficiency), the performance is still being improved. This pa-
per gives insight on the choice of a way to improve perfor-
mance of quantum dot infrared detectors.
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