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Photocurrent and responsivity of quantum dot infrared photodetectors
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Abstract ; In this paper, a model for the photocurrent of the quantum dot infrared photodetector ( QDIP) including

the continuous potential distribution of the electrons and the total electron transport is improved with the considera-

tion of the dependence of the photoconductive gain on the applied bias, and this improved model can be further

used to estimate the responsivity of the photodetector. The corresponding calculated results show a good agreement

with the published results, which verifies the validity of the improved model.
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Introduction

The photocurrent and the responsivity of quantum
dot infrared phototdetectors, which describe the ability of
the photodetecor to detect the infrared light, have been
the focus of attentions since 1999''?) at the same time,
their corresponding physical models have also become hot
topics. **/ In 2009, A. Rogalski and his co-workers pro-
posed the physical model of the quantum dot infrared
photodetectors ( QDIP) with the consideration of the con-
tinuous potential distribution and the emission of the e-
lectrons””' | and this model was used to estimate the pho-
tocurrent, the responsivity and so on. In 2010, L. Lin
pointed out that the total electron transport of the QDIP
included the microscale and the nonascale electron trans-

port '°. Based on this theory, the previous model of the
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QDIP built by A. Rogalski was improved with the consid-
eration of the influences of the total electrons transport
and the electrons continuous potential distribution in
2012, Though these models can well estimate perform-
ances of the QDIP, the photoconductive gain was as-
sumed as the constant in their calculations, and the re-
sponsivity wasn’ t further calculated. In fact, the influ-
ence of the bias voltage on the photoconductive gain
should be considered in the photocurrent calculation due
to its great dependence on the electric field"**!. Accord-
ing to this theory, in the paper, the photocurrent model
including the contribution of the electrons continuous po-
tential distribution and the total electron transport is im-
proved with the consideration of the dependence of the
photoconductive gain on the bias voltage, and the model
of the responsivity is further derived. The corresponding
calculated results are given to show the validities of our
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improved model.

1 Model

As shown in Fig. 1, the QDIP device consists of
many periods of the quantum dots layers including many
identical quantum dots, the barrier layers, the top and
the bottom contacts( corresponding to the emitter and the
collector, respectively). Here, each quantum dot is sup-
posed as large enough in the lateral size and very small in
the transverse size, so it can provide with a large number
of bound states to accept more electrons in the lateral di-
rection and with the single energy level in the transverse
direction, respectively. Based on above assumptions, the
photocurrent model including the total electrons transport
and the continuous potential distribution is improved by
considering the influence of the electric field on the pho-
toconductive gain, and it is further used to estimate the
responsivity of the QDIP.

Fig.1 Schematic view of QDIP layers structure
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1.1 Photocurrent model

As well known to us, the photocurrent of the QDIP,
which is defined as the current of the photodetector under
an illumination condition, can be determined by the fol-

lowing Eq. 1.

[pholo = 6cbs77gpf4(1 ’ (1)
where e is the electron charge, ®, is the incident photo
flux density on a detector, 7 is the quantum efficiency,
A, is the area of the photodetector, and g, is the photo-
conductivity gain.

In the QDIP, the quantum efficiency can be ob-

tained as'®’ .

n:8<N>KZQD , (2)
where § is the electron capture cross section coefficient,
K is the total layer number of the quantum dots layer,
2 op 1s the density of the quantum dots in a quantum dot
layer, <N > is the average number of the electrons in a
quantum dot, which can be obtained by the current bal-
ance relation under the dark condition. Concretely
speaking, the dark current can be obtained by counting
the mobile carriers in the barrier'*"'. At the same
time, it is also pointed out that those currents that flow
the punctures in the planar potential barriers together
form the dark current of the total QDIP device .
Hence, the current balance relation in the dark condi-
tions can be written as;

3/2
2@7/'Ad( m’kazT) exp( _ EO,microeXp( - E/EO) + EO,nano _BE)
2l kyT
ox [6V+ Vy = (<N > /Nop)Vop

= A" TA,
(K+ 1)k, T

<N> ] - 3

where v is the drift velocity of electrons, m, is the effec-
tive mass of the electron, ky is the Bolizmann constant, T
is the temperature, i is the reduced Planck constant, £
is the electric field intensity, £, ;.,, E E, and B
are the parameters related to the activation energies under
the microscale and the nanoscale transport, A" is the
Richardson constant, the parameters ®, V,,, V,, ¥ are
dependent on the structure and the materials of the
QDIP.

By solving Eq.3, we can get the average number of
the electrons in a quantum dot < N > and obtain the
quantum efficiency. Based on this calculation of the
quantum efficiency, the photocurrent can be obtained af-
ter Eq.2 is substituted into Eq. 1, and its expression can
be written as:

Ly, = ¢8g, <N > 3 OKA, . (4)

From Eq. 4, it can be found that, in the above pho-
tocurrent model, the photoconductive gain is supposed as
the constant, but in fact, the photoconductive gain
strongly depends on the electric voltage. This depend-
ence should be included in the photocurrent calcula-
tion>*!. Hence, in our model, the influence of the ap-
plied bias on the photoconductive gain is considered to
enhance the precision of the photocurrent calculation.

In the QDIP, under the condition that the capture
probability is small and the transit time across one period
of the quantum dot composite layer is considerably smal-
ler than the recombination time from an extended state

back into a quantum dot, the photoconductive gain can
8]

0,nano »

be calculated as!™

g == Noo
P = 8
o KPy(Ngp =< N >)eXp(_M)
2e,&0a0pkT
, (5)

where p, is the neutral capture probability, P, is the
capture probability for the uncharged quantum dots, and
a,y is the lateral dimension of the quantum dot.

Substituting Eq. 5 into Eq. 4, we can get the photo-
current which is shown as ;

8eNgy <N > Y A,

QD

I

photo =

2
Py (Ngy =< N > )eXp( _m/me’ <N >
2e8,ap,kT
(6)

1.2 Responsivity

The current responsivity is defined as the output
photocurrent of the photodetector per the input power,
and it can be obtained as:

Ipholo
Ky - (D

Substituting Eq. 6 into Eq. 7, we can get the re-

sponsivity of the QDIP, which is shown as:



2 LIU Hong-Mei et al : Photocurrent and responsivity of quantum dot infrared photodetectors

141

SeNgy < N > Y i

R =
L 2
hvgPy,(Ngy = < N > )eXp( _ w/?e—<N>)
2eaz kT
(14)

2 Simulation and data

The photocurrent and the responsivity of the QDIP
are simulated and calculated in this section. The corre-
sponding calculated results are compared with the experi-
mental results reported in the literatures to verify the va-
lidity of our model. Here, in order to make the verifica-
tion clearer, the experimental results are transferred from
the voltage coordinates into the electric field intensity co-
ordinates. Table 1 shows the parameters values of the
QDIP in our simulations and calculations. Specifically,
the incident photo flux density ®, is supposed as 8 x 10"
photons/em’s, and the other parameters are adjusted to

the same values as those of the GaAs or InGaAs QDIP

devices” 7" ysed to the verification of our model.

Table 1 Parameters of QDIP devices
x1 EFRLOMRNZF[HSH

Ey, ion =34.6 meV Ey=1.62 kV/cm K=10
Ey pano =224. TmeV B=2.79 meVem/kV Nop=8

Y op=(14) x10' em™ L=59-61.5 nm £,=12
v=2x10%m/s A,=100 100 300 X300 pm® % ,=0.3 X
agp = 20 nm m,=.023 m, Py, =1

Fig.2 Photocurrent as function of applied electric field
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Figure 2 presents the photocurrent as functions of
the applied electrical field. In this figure, the curve in-
cluding the triangles indicates the photocurrent data at
100 K from the previous photocurrent model, the curve
with * + represents the photocurrent values at 100 K
from our improved photocurrent model, and those photo-
current values including “black squares” are the experi-
mental data at the same temperature from the QDIP de-
vice, which is made up of 0.5 pwm GaAs top contact, a
ten-period stack of 30nmGaAs/3ML InAs Quantum Dots

and 1 pum GaAs bottom contact'”®’. By making a compar-

ison between our photocurrent results and the previous
photocurrent data, it can be clearly found that, our pho-
tocurrent results are smaller than the previous photocur-
rent data below the electric field 6.5 kV/cm and they are
higher than the previous data upon the electric field 12
kV/cm. The difference leads to the better consistence
between our results and the experimental data than that
between the previous photocurrent results and the experi-
mental data. Such consistency not only indicates that the
photocurrent calculation in our model is more precise
than that in the previous model, but also shows the cor-
rectness and the validity of our model. In addition, it
can be seen that these photocurrent curves show the in-
crease trends with increasing of the electric field. For ex-
ample , in the curve “100 K” | the photocurrent increases
from 0.682 A to 1.21 A when the electric field density is
increased from 6 kV/cm to 12 kV/em. This change of
the photocurrent clearly illustrates the influence of the e-
lectric field density on the photocurrent. The similar in-
crease trend of the photocurrent can be seen in the other
photocurrent curves. From the physical mechanism point
of view, the increased electric field brings about the en-
hanced reduction of the potential barrier. More electrons
possibly escape from the quantum dots over this reduced
barrier, thus the large photocurrent can be obtained.

Fig.3 Responsivity as functions of applied electric field
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Figure 3 presents the responsivity values of the
QDIP. In this figure, the curves with “ % "and “A” re-
present the responsivity results from our model at the
temperature of 80 K and 100 K, respectively, and the
curve including the black squares indicates the experi-
mental values at 100 K from the QDIP device including
the ten-period 4 nmAl, , Ga, y As /4 nmGaAs /In, ,Ga,
AsQDs /1 nmGaAs /3 nm Al, ;Ga, ;As/4 nm In, Ga,
As/3 nmAl, ,Ga, ,As/40 nm GaAs'"*.

ture 100 K, it is very clear that our responsivity results
agree with the published experimental results, which well
examines the validity of our models. In addition, just as
shown in the curve “80 K”, the electric field makes a
great contribution to the responsivity. For example, the
responsivity is only 3. 85 x 10 A/W under the electric
field density 4 kV/cm, and then it rapidly reaches to

At the tempera-
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2.58 x 10" A/W when the electric field is increased to
12 kV/em, which is about 1 order of magnitude larger
than that at 4 kV/cm. The reseponsivity curve “100 K”
also shows the similar increase from 4.63 x10° A/W to
2.18 x 10” A/W within the electric field range 4 kV/cm
~12 kV/cem. The increase of the responsivity can be as-
cribed to the increasing of the photocurrent and the elec-
tric field.

3 Conclusions

In the paper, the photocurrent model of the QDIP
including the total electron transport and the continuous
potential distribution of the electrons is improved by ac-
counting for the influence of the bias voltage on the pho-
toconductive gain. The responsivity is further calculated
on the basis of this improved model. The corresponding
results agree with the published experimental results,
and such agreement tests and verifies the accuracy of our
model.
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