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The charging of quantum dots provides two strong effects which improve Quantum Dot Infrared Photo-
detector (QDIP) performance. First, electrons placed in the quantum dots enhance IR-induced transitions
and increase electron coupling to IR radiation. Second, the built-in-dot charge creates potential barriers

Keywords: around dots and these barriers strongly suppress the photoelectron capture and exponentially increase
]Ql;a““l;“ dot the photoelectron lifetime. Both effects enhance the IR photoresponse. Long photoelectron lifetime
nirdred

decreases the generation-recombination noise and increases the device sensitivity. To investigate the
potential profiles around charged dots, we used the nextnano3 software which allows for simulation
of multilayer structures combined with realistic geometries in one, two, and three spatial dimensions.
In weak electric fields the photoelectron kinetics and transport in the potential created by charged dots
have been studied analytically. In strong fields the results were based on Monte-Carlo modeling. The
effects of dot charging have been investigated in QD structures which were fabricated using molecular
beam epitaxy. InAs quantum dots were grown on AlGaAs surfaces by deposition of approximately 2.1
monolayers of InAs. In the obtained structures the dot charging is realized via intra-dot and inter-dot
doping. The increase in photoresponse due to dot charging is in good agreement with the model which
takes into account anisotropy of potential barriers around QDs in QD layers.
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1. Introduction one to obtain very specific potential profiles with high potential

barriers that separate QDs from conducting channels where elec-

Quantum-Well Infrared Photodetector (QWIP) which is cur-
rently used in imaging devices demonstrates the detectivity of
about 10" cm Hz'*/W when operating at T=77K around
A=10pm. At room temperature its detectivity drops almost by
two orders of magnitude. This high-temperature limitation is
caused by radical decrease of the photoelectron lifetime which de-
fines the operation of infrared photodetectors. The decrease in
photoelectron lifetime reduces the detector’s responsivity and sen-
sitivity [1-6].

Compared with quantum-well structures, quantum-dot materi-
als provide more possibilities for managing photoelectron lifetime
and other optoelectronic characteristics via manipulation of elec-
tron processes in dots [1,7], band engineering [8,9], etc. Our origi-
nal approach [10-13] is based on the management of
photoelectron kinetics via engineering of the nanoscale potential
profile by using charged quantum dots. Charging of quantum dots
may be realized by selective doping of the QD media. Various ver-
tical and lateral alignments of charged QDs or dot clusters allow
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tron transport takes place. By separating mobile photoelectrons
from QDs by the potential barriers (see Fig. 1) we suppress the
photoelectron capture processes and increase the lifetime of
photoelectrons.

2. Effect of barriers on the photoelectron lifetime and QDIP
performance

The photoelectron capture by the repulsive charged QD may be
realized via tunneling through the surrounding barrier or thermal
excitation above the barrier. Relative probability of these processes
is determined by the radius of a quantum dot, a. Our evaluations
show [11] that, if the radius is greater than 5 nm, the thermally
activated processes dominate over the tunneling processes, and
the electron capture rate, 1/t is expected to follow the exponen-
tial dependence:

] - 3.1 ( Vi
rmp--111"'.",.,&:1 T, exp k)" (1)
where Ny, is the dot concentration, a is the quantum dot radius, Vj,
is the height of the potential barrier around the dot, and 7, is the
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Fig. 1. Potential barriers around spherical quantum dots.

electron—-phonon relaxation time which corresponds to transitions
from conducting states to the localized QD states. Thus, the electron
lifetime with respect to the capture by n-charged QDs exponentially
depends on the height of the potential barriers which itself are a
function of the built-in-dot charge.

The increase in photoelectron lifetime (Eq. (1)) directly im-
proves the photoconductive gain,

_ Taap
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where tcqp is the photoelectron lifetime and 1, is the transport time
which electron spends in the sensor before leaving it through the
contacts, i.e. 7= dfuE, where d is the length of a sensor and pu is
the mobility of photoelectrons in the sensor. The photoconductive
gain increases the responsivity of the detector,

e
R= hv ng (3)

where # is the quantum efficiency of photoelectron generation pro-
cess which includes both the absorption efficiency and intrinsic effi-
ciency.The noise of the photodetector is equal to the background
noise when photodetector is operating in the regime of the back-
ground limited performance (BLIP). The average fluctuation of the
background radiation is given by: #,(®5:S)'/?, where S is the absorp-
tion area of the photodetector, @p is the background photon flux
density, and g is the absorption coefficient.The fluctuation in the
photogeneration rate can be expressed through an intrinsic quan-
tum efficiency, #;, which is defined as the probability of carrier gen-
eration by an absorbed photon. Then, the fluctuation of the
background radiation can be expressed as: 1;17,(®ucS)"

Kinetics of the thermal carriers defines the intrinsic generation—
recombination noise. The generation rate can be defined as: n;,V/
Teqp and its average fluctuation as: (nmv,’tmp]”z. near thermody-
namic equilibrium. Here V is the volume of the photodetector, n.
is the thermal carrier concentration, and t.qp is the carrier lifetime.
The thermal generation noise, under the BLIP regime, should be as
low as the photogeneration noise due to background fluctuations:

— ’?a’ﬁ\/é’ucs (4)
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where d = V/S is the length of the detector.

The sensitivity of the detector is described in terms of the noise
equivalent power (NEP), which is defined as an equivalent fluctua-
tion of the background radiation power:

NEPg — ":’ 20V _ 1y /35Ca (6)

Teap

where 7 = 5,1;- The corresponding detectivity of the sensor is given
by:

* \/§ n Teap
D= NEPg — hv\/ 2n,d 2

Thus, the charging of quantum dots exponentially increases the
photoelectron lifetime (Eq. (1)) and linearly increases the absorp-
tion coefficient, #,. Both these factors improve the responsivity of
the detector (Eq. (3)). The increase in the photoelectron lifetime also
suppresses the generation-recombination noise. Finally, the sensiv-
ity of the detector, i.e. NEPg or the detectivity (Egs. (6) and (7)), is
significantly improved by the dot charging due to the increase of
photoelectron lifetime and absorption coefficient.

The above analysis based on the increase of photoelectron life-
time (Eq. (1)) is valid for weak electric fields when the nonequilib-
rium distribution function averaged over the electron momentum
directions is small. For high electric fields we employ the Monte-
Carlo modeling [14]. The developed Monte-Carlo program includes
all basic scattering processes, including electron scattering on
acoustic, polar optical, and intervalley phonons. The electron trans-
port is considered in three valleys: T', L, and X. The redistribution of
carriers between these valleys as a result of electron heating by
electric field is taken into account. To simplify the model of simu-
lations we assume that the dots of radius a are arranged in a reg-
ular lattice pattern with the inter-dot distance of dj;. The dot
concentration N, is defined as 1/d’,. In our model, we consider
the carrier capture process as an electron—-phonon relaxation pro-
cess: (i) which is limited in space by the dot volume and (ii) during
which a carrier transits from a conducting state above the potential
barrier to a localized (bound) state which is below the potential
barrier. In other words, we assume that from the bound state a car-
rier relaxes to deeper dot states faster than it could return back to
the conducting state.

On the basis of the Monte-Carlo modeling we calculated the
dependence of the electron capture time, 7., on the electric field
at different maximum values of the potential barrier. The results of
simulation show that the capture time is practically independent
on the electric field up to the critical field of the order of 10° v/
cm. At electric fields higher than the critical field, the electron cap-
ture time, T4, radically decreases with the field increase (see
Fig. 2).

The effect of the electric field on the photoelectron lifetime may
be understood in terms of the electron heating. The electric field
increases the electron temperature and, when the temperature
shift becomes comparable with the height of potential barriers
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Fig. 2. Capture time as a function of the electric field for different heights of
potential barriers: 155, 100, and 50 meV, respectively.



86 V. Mitin et al.Infrared Physics & Technology 59 (2013) 84-88

200 ~ .
Device length =1 pm 1
a=12nm === 100 meV |

150 | duJ=?2 nm . \'\' - 50 me\-’j
I, x

s 4 X

T 100 ¥ \ B

& )f !

’ A 1
Il e M :
50 | ’,’ '-,j\ ]
pleomintl’ .
10" 10 10°

E (Viem)

Fig. 3. Photoconductive gain as a function of the electric field.

around dots, the hot electrons overcome the barriers and are cap-
tured by the dots via electron—phonon relaxation processes. There-
fore, the photoconductive gain is expected to have non-monotonic
dependence on the electric field with the maximum slightly above
the characteristic field of ~10® V/cm (see Fig. 3). At weak electric
fields the gain increases due to the increase of the drift velocity,
vy= pE and the corresponding decrease of the transit time, 7, =
dfvy. Above the critical field that provides electron overheating
large enough for overcoming the potential barriers the
photoelectron lifetime exponentially decreases with the electron
temperature.

3. Enhancement of photoresponse due to built-in-dot charge

The quantum-dot photodetector structures were grown by
molecular beam epitaxy (MBE) on n*-GaAs (100) substrate. The
QDs were distributed over QD layers randomly. The average dis-
tance between QDs was 31 nm which corresponds to the sheet
concentration of dots ~10"" cm 2. Details of fabrication technique
and parameters of the investigated devices can be found elsewhere
[12,13]. The structures consisted of 10 layers of InAs QDs with a
lateral size of 15 nm and average height of 3.6 nm spaced by a
50 nm thick Alg;;Gag7gAs layer. The AlGaAs spacer layer was cho-
sen wide in order to dissipate strain accumulation from one layer
to the next.

Table 1

Parameters of B44, B45, B52, and B53 QDIPs.
Device B44 B45 B52 B53
Intra- and inter-dot doping Intra Inter Intra Inter
Donor concentration (10" cm™2) 27 27 5.4 54
Number of electrons in dot, n 27 28 4.7 6.1
Built-in-dot charge, ng 1.8 28 3.45 6.1

Two methods of doping of the investigated devices were cho-
sen: intra-dot doping (devices B44 and B52, see Fig. 4a) and in-
ter-dot doping (devices B45 and B53, see Fig. 4b). Samples B44,
B45 and B52, B53 had donor sheet concentrations
27x 10" cm 2 and 5.4 x 10" em 2, respectively. In B44 and
B52 quantum dot layers were homogeneously doped, while in
B45 and B53 only the middle of each AlGaAs barrier layer was d-
doped. The parameters of these devices are given in Table 1.

The bandstructure and potential distribution of real devices
were found by using nextnano3 software [15]. This simulation tool
allows taking into account strain in multilayer heterostructures
and self-consistently solves Schrodinger, Poisson, and current
equations. The profiles of conduction and valence bands can be cal-
culated either within single-band or multi-band k - p models. The
variations of the built-in-dot charge and potential profile in two
orthogonal to each other directions are shown in Fig. 5. This figure
clearly shows the channels between quantum dots where electron
transport takes place.

Note, that the potential barriers around QDs are strongly asym-
metric: the barriers along the quantum dot layers (in the C-D-
direction which is perpendicular to the current) are substantially
smaller than the barriers in the direction of the current (A-B-direc-
tion). This asymmetry has strong consequences for the kinetics of
photocarriers. The electron trapping is more effective for electrons
moving along the C-D-direction than for electrons moving in
A-B-direction. Therefore, the capture processes in QD planes will
dominate in the relaxation processes | 16|. The dependence of the
barrier height, which is found from Fig. 5, on the built-in-dot
charge can be described as:

V(_'_p = bﬂq (8)

with b =2.5 meV. It is obvious that in the case of the intra-dot dop-
ing, the dot charge n, is equal to the dot population, n, reduced by

barrier layer

T— r— T —. — —
(n - GaAs) - 300 nm (n - GaAs) — 300 nm
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Fig. 4. Schematics of two quantum-dot photodetectors with intra-dot (a) and inter-dot (b) doping.
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Fig. 5. Three-dimensional potential profile of QDIP with cross-sections in A-B and C-D directions.
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Fig. 6. The photocurrent as a function of the built-in-dot charge. The blue squares
are for experimental data (4 =3.77 pm) and the red circles are for modeling results.
The red dashed line is the theoretical dependence for the inter-dot doping. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the weh version of this article.)

the number of dopants, p, in the dot, i.e. n, = n—p. In the case of the
inter-dot doping, the built-in-dot charge, Q, is equal to en. Taking
into account these considerations, the effects of doping on the pho-
tocurrent in QDIPs can described as:

bn,
I_Anexp(—m) )

In the last equation, A is an arbitrary constant which does not
depend on doping. The pre-exponential factor in Eq. (9) describes
the increase of the absorption with the increase of electron filling
of the dot, n. The exponential factor describes the influence of
QD potential barrier height on the photoelectron lifetime. The
height of the potential barrier created around QDs is proportional
to the built-in-dot charge which is defined by the number of elec-
trons and number of dopants in the dot.

In the framework of the described model of capture processes in
QD layers the experimental data can be fitted as it is shown in
Fig. 6 where we used the values of n, determined from self-consis-
tent modeling (see Table 1). As seen, the theoretical modeling (red
circles) is in a very good agreement with experimental data (blue
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Fig. 7. Calculated detectivity of samples B44, B45, B52, and B53 (4=3.77 pm) as a
function of the built-in-dot charge. The blue solid line is the universal dependence
for QDIPS with inter-dot doping of QD medium. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

squares), From this fitting, the parameter b was found to be equal
to 2.7 meV, which is in very good agreement with b = 2.5 meV that
we obtained from the independent modeling of the potential bar-
rier heights. The red dashed line shows the modeling results for the
inter-dot doping (n = ng), which was used for samples B45 and B53.
For samples B44 and B52 with the homogeneous doping of QD
layers, the dot charge was created by the electrons captured in
the dot and dopants placed in the dot. In this case, n=n,+p and
the corresponding red circles lie above the dashed line.

As seen, the proposed, relatively simple model provides very
good description of doping effects on the photoresponse of QD
structures. We believe that such good agreement with experiment
evidences that the model adequately takes into account the main
effects of doping on photoelectron kinetics.

The presented in Fig. 7 detectivity was calculated using Eq. (7).
The concentration of the thermally excited electrons, n., deter-
mined from the dark current measurements, was equal to
10® cm~. Conservative estimates for the structure with one elec-
tron per dot give the absorption coefficient equal to #=1% and
the photoelectron capture time equal to t.,, = 10 ps. The increase
of QD charging is expected to improve the detectivity because of
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the increase of electron coupling to radiation and increase of pho-
toelectron lifetime.

4. Conclusions

Our new approach, based on engineering of three-dimensional
potential barriers introduced by quantum dots with built-in-dot
charge, provides real opportunities to radically improve the perfor-
mance of IR photodetectors [17]. Novel design methodology has a
number of attractive features:

 Significant suppression of recombination processes due to the
built-in-dot charge which creates the potential barriers around
QDs and QD clusters.

« Strong harvesting and conversion of IR radiation via QD electron
transitions that are enhanced by the built-in-dot charge.

« Effective management of the photoelectron kinetics and gener-
ation-recombination processes by the built-in-dot charge.

« Strong potential for adaptive sensing via control of the built-in-
dot charge by bias and/or gate voltage.

e This approach does not require electron inter-dot coupling that
leads to substantial limitations on fabrication of corresponding
QDIPs.

Modern technologies allow for fabrication of specific structures
with various combinations of quantum dots, dot clusters, and other
nanoblocks of QDs, conducting channels, and barriers between
blocks and channels. This provides numerous possibilities for engi-
neering very specific 3D barriers. We believe that in future elec-
tronic and sensing technologies, the 3D barriers will be employed
in every device, as nowadays technology employs semiconductor
heterostructures with 1D barriers.
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