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On the detectivity of quantum-dot infrared photodetectors
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We report on the analysis of thermally-limited operation of quantum-dot infrared photodetectors
(QDIPs. A device model is developed and used to calculate the QDIP detectivity as a function of
the structural parameters, temperature, and applied voltage, as well as to determine the conditions
for the detectivity maximum. The QDIP detectivity is compared with that of quantum-well infrared
photodetectorsQWIPS. This work clarifies why the existing QDIPs are still inferior to QWIPs and
shows that a significant improvement in the QDIP performance can be accomplished by the
utilization of dense QD arrays with small QDs. 2001 American Institute of Physics.
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As predicted theoretically quantum-dot infrared photo- A schematic view of the QDIP structure under consideration
detectordQDIP9 can surpass quantum well infrared photo-is shown in Fig. 1.
detectors(QWIPS. A number of research groups have re-  Both in dark conditions and under illumination, the cur-
ported fabrication and experimental studies of InAs/GaAsfent across the QDIP in question at the applied voltage is
InGaAs/GaAs, InGaAs/InGaP, and Ge/Si QDPY Most  accompanied by the following processes: Thermo- and pho-
of fabricated and measured QDIPs exhibited performance irtoexcitation of electrons from bound states in QDs into con-
ferior to that of QWIPs. One may suppose that the structuralinuum states, capture of mobile electrons into QBansi-
parameters of existing QDIP samples are far short of optitions from continuum into bound stajegransport of mobile
mum. As QDIPs have many potential applications, their Op_electro_n_s bgtween the potential “hills” formed _by charged
timization makes sense only once the details of the applica?D$: injection of extra electrons from the emitter contact
tion are specified. For example, such an optimization can because of the redistribution of the potential in the QDIP
different in the case of QDIPs displaying a background lim-2Ctive region caused by the change in the charges accumu-
ited infrared performance and in the thermal limit. In this lated by QDs, a”‘_‘ collection of the exmtgd and injected elec-
letter, we analyze the features of QDIP characteristics an ons by _the pe_rtlnent contact. The main featur_es of Q.DIPS
discuss the problem of the optimization of QDIPs using aWh'C.h differentiate them from QWIiRsre assomat_ed with
recently developed physical mod&i” In the framework of the discreteness of the QD energy spectrum leading to a de-

. _ pendence of the thermoactivation energy on the QD sizes,
:hls modelf, Wi.caICl;I;te t?e ?D”T therma:ly I|rrt1|ted dettec strong sensitivity to normally incident radiation, phonon
Vity as a function of the structural parameters, temperature, ,ijoneck effector similar effects®29 in the electron cap-
and applied voltage and consider the conditions for its maxi-

mum.
The QDIP under consideration consists of a stack of QD Infrared radiation
(InAs or InGaAg arrays(layer9 separated by wide-gap ma-
terial layers(for example, GaAs Each QD array includes
periodically distributed identical QDs. The QD arrays are
doped with donors. Such a structure, which plays a role of
the QDIP active region, is sandwiched between two heavily
doped regions made of the same material as that in which
QDs are buried. These regions serve as the emitter and col-
lector contacts. We focus on QDIPs with multiple QD arrays
of large-size QDs. Each QD has a large number of bound
states and, therefore, is capable of accepting many electrons.
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¥Electronic mail: v-ryzhii@u-aizu.ac.jp FIG. 1. Schematic view of the QDIP structure.
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ture, and limitations imposed on the QD filling by the Pauli
principle, the existence of the passes for mobile electrons
between QDs, the activation character of the electron capture
due to the repulsive potential of charge QDs, and thermionic
nature of the injection. As shown previougt{?*’these fea-
tures lead to a significantly lower average probability of the
electron capture in QDIPs compared to that in QWIPs and to
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voltage. The latter effects are associated with a decrease in@ 0.6
the capture probability with increasing average number of N
electrons in QDsN. The number of electrons occupying the
QDs, in turn, increases when the applied voltage increases
(analogously with that in induced base hot electron transis-
tors and QWIPs with thermionic injectipA*~?3 The sensi-
tivity of capture probability on the QD filling, naturally, re-
sults in a voltage-dependent current gain and, consequently,
in a fairly steep dark current-voltage and photocurrent—
voltage characteristics of QDIPs, which occur to be exponen- 0.0 0.5 1.0
tial as observed experimentafif Thus, the QDIP responsiv- Voltage (V)
ity can be markedly higher than the r_egponswlty of Q\NIPS'FIG. 2. Normalized detectivity versus applied voltage for QDIPs With
However, simultaneously QDIPs exhibit larger dark current_ g | — 30 nm a=15nm, and different donor densities B& 80 K.
than QWIPs do. The electron charges induced in QDs in
QDIPs with thermionic injection by the applied voltage af-
fect, as shown in the following, the QDIP detectivity as well.
Indeed, as follows, in particular, from Ref. 24, the detec-
tivity, D*, for a thermally-limited detection can be ex- (V+Vp)
pressed in terms of the total thermoexcitation and photoex- N=Ngp v
citation rates &% and @" from the QDIP unit area: Qb

Grh Here, Nop is the maximum number of electrons which
D* = 1 (1) can be accepted by each QDy is the applied
2401 Gk voltage, Vp=2meK(K+1)XpL/@ and Vop=2meK(K
+1)2qpLNgp/ee are the characteristic voltages, wheris
where () and | are the photon frequency and flux, respec-ihe electron charge, e is the dielectric constanis the

tively, and# is the Planck constant. In the QDs under CON-gpacing between the QD arrays, abg is the donor sheet
sideration(with the transverse size much smaller than thedensity per QD array.

lateral sizes, a large number of bound states, and widely SubstitutingN from Eq. (5) into Eq. (4), we obtain
distributed energy levelselectrons form a two-dimensional ’

electron gas. Taking this into account, the rate of thermoex- . o /KEQDNQD(V_"VD)
g

1ze

0.4

Normal

o
[

In the voltage rangégT<eV<e(Vqop—Vp) (in which QDs
are not totally filled, one can obtain®*®

®

citation can be presented in the form: D*= 270 Voo
€ mh*N 72Nop) (V+Vp)
GdarIE 2 K eXF{ __r eXF{ _ 1:| _ T QD D
92qpn kgT mkgTa? y €| ma2 Voo ©
ex .
(mh?ma®)N— ¢ 2kgT
B Figure 2 shows the dependence of the normalized detec-
The rate of photoexcitation is given by tivity on the applied voltage for QDIPs with different doping
levels and fixed density of QDs at=80K calculated using
GP'= g1 3 opKN. (3) Eq. (6). It is assumed thak=20, L=30nm, a=15nm,

_ _ _ _ 3gp=10"m? &=12, andm=4x10"#g.
Here,g is the pre-exponentla_l factoa, is the QD_ lateral size Using Egs.(5) and (6), one can find that the detectivity
(so that the QD lateral area is equala®), Sopisthe sheet g maximized whenN = (2ma2ksT/m%2) with N<Ngp.

density of QDs in each QD arral, is the number of the QD thg condition of the maximum detectivity is equivalent to
arrays in the QDIPg, is the ionization energy of the ground

state in QDsT is the temperaturey is the photoescape cross <Y 2mkgTa?
section,kg is Boltzmann constants, and is the effective m+ D_( 72
mass of electrons in QDs.

Using Egs.(1)—(3), we arrive at the following formula This condition can be satisfied at a certain voltage only if the

S 0. @

for the QDIP detectivity: doping level is sufficiently low:
o [K3gp e,— (mh?/ma®)N 2mkgTa?
D*= N ex . 4 <|—— . 8
240 g F{ 2kgT @ %o prr e L ®
Downloaded 23 Apr 2003 to 141.217.203.226. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 78, No. 22, 28 May 2001 Ryzhii et al. 3525

For QDIPs with the same parameters as those used for Fig. &hich can accept few electrons. In the case of such QDIPs,

inequality (8) yields % /2 5p<<0.3—-0.6. the exponential dependence Nnn Eq. (2) should be appro-
WhenZ and/orV are chosen in such a way that con- priately modified to take into account the fact that the elec-

dition (7) is met, assuming thdt{)=¢,, for the maximum tron energy spectrum of QD is actually not continuous.

of the QDIP detectivity one obtains: In conclusion, we have calculated the QDIP detectivity
for a thermally-limited detection as a function of the struc-
2
maxD* = — /KEQD/ 2ma EBT)ex;{ hQ _1)_ tural parameters, temperature, and applied voltage and found
21 Q) g |\ wh 2kgT the conditions for its maximum. We demonstrated that the

©) QDIP detectivity is very sensitive to doping and that the
In the case of normal incidence of infrared radiation, thedetectivity maximization is feasible by a proper choice of the
photoescape cross section is a function of the QD lateral sizapplied voltage only when the ratio of the donor and QD
This function,oc=o(a), decreases with increasiray One  densities is sufficiently low. We have clarified why the ex-
can assume that the pre-exponential factor in @)is gqop  isting QDIPs with relatively low density QD arrays of large
xa?. Thus, from Eq. (9), one can obtain maR* QDs exhibit lower detectivity than QWIPs. An improvement
xa(a)\S qpaZ. This relationship indicates that the increasein the QDIP detectivity can be realized by the use of QD
in the QDIP detectivity can be achieved by decreasing of QDstructures with dense arrays of small QDs.
sizes with simultaneous enhancement of the QD density. At
very high doping levels whe =Nqp2qp, all QDs are
totally filled at any voltages. In this case, the rate of ther-
moexcitation becomes very hitfieading to a very low de-
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