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Dark Current in Quantum Dot Infrared Photodetectors
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We present the results of a new analytical model for the analysis of the dark current in realistic quantum dot infrared
photodetectors (QDIPs). This model includes the effect of the space charge formed by electrons captured in QDs and donors,
the self-consistent electric potential in the QDIP active region, the activation character of the electron capture and its limitation
by the Pauli principle, the thermionic electron emission from QDs and thermionic injection of electrons from the emitter contact
into the QDIP active region, and the existence of the punctures between QDs. The developed model yields the dark current as
a function of the QDIP structural parameters, applied voltage, and temperature. It explains some features of the dark current
characteristics observed experimentally.
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Heterostructure diodes with a quantum dot layer inserteg@dD layer comprises uniformly distributed identical QDs with
between heavily doped contacts can serve as infrared phibe density=qp which have a disk-like shape. The QD layers
todetectors utilizing bound-to-continuum transitions. Sucban be doped by donors whose density is equalgolt is as-
guantum dot infrared photodetectors (QDIPs) were proposedmed that the lateral characteristic size of @Bs (the QD
and analyzed theoretically by one of the authbrsee, lateral area is equal taéD) is sufficiently large, so that each
also ref. 2). Recentl§;'? several research groups reporteaf them has a large number of bound states and, consequently,
the fabrication and extensive experimental study of various capable of accepting relatively large numbers of electrons.
InAs/GaAs, InGaAs/GaAs, and InGaAs/InGaP QDIPs. AlConversely, the transverse size of Qgp, is assumed to
though expected to have advantages over quantum well lme relatively small, providing the existence of a single en-
frared photodetectors (QWIPs) with similar parameters, mostgy level associated with the quantization in this direction.
of the investigated QDIPs exhibited characteristics inferior thh is also small in comparison with the spacing between the
those of QWIPs (see, for example, refs. 13 and 14). The pr@D layersL (transverse period of the QDIP structure). The
diction of high performance for QDIPs was based on the d€D structure is clad between doped contact regions made of
vice modet-? that assumes dense QD layers with a nearlhe same material as the barrier region between QD layers.
uniform lateral distribution of the electric potential. In suchThese regions play a role of the QDIP emitter and collector.
an ideal QDIP, small but lightly coupled QDs preserve theiA schematic view of the QDIP structure is shown in Fig. 1.
sensitivity to normally incident infrared radiatithand their The current arising under applied voltage is determined by
low capture probability due to the effect of phonon bottlethe potential distribution in the QDIP active region. This dis-
neck® maintaining a more or less uniform in-plane distritribution depends, in turn, on the space charge formed by
bution of the captured electrons. In contrast, the QDIPs imlectrons occupying QDs and donors. The space charge of
vestigated in the recent experiments contained relatively larg@bile electrons is, as in QWIPs, usually very small and can
QDs placed far apart. As a result, even substantially chargbd neglected. In QDIPs with large QDs which can capture a
QD layers did not form planar potential barriers which couldarge average number of electrons, one can assume that the
effectively control the electron transport. It was shé@n
that the presence of the potential repulsive barriers surround-

ing the charged QDs substantially decreases the probabil- Emitter
ity of electron capture. Thus, the analysis of such realistic
QDIPs under dark current conditions and under illumination, @

requires a more complex model than the existing ones.

In this paper we develop an analytical model for the dark
current in realistic QDIPs. We describe the QDIP dark cur-
rent characteristics, taking into account the following: the in-
fluence of the space charge of electrons captured in QDs and
the space charge created by donors on the spatial distribution
of the electric potential in the QDIP active region; the activa-
tion character of the electron capture and its limitation by the
Pauli principle; the thermionic electron emission from QDs
and thermionic injection of electrons from the emitter contact
into the QDIP active region; and the existence of the punc- \ \ /
tures between QDs through which a significant portion of the \M N

A\Y%

injected electrons flows.

The QDIP under consideration consists of a QD structure D Collector
which includes a series of QD (InAs or InGaAs) layers sepa- QDs
rated by a wide-gap material (GaAs, InGaP, and so on). Each Fig. 1. Schematic view of the QDIP structure.
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charges of QDs belonging to the same QD layer are apprdelving eq. (5) with boundary condition®)|,—o = 0 and
imately equal. Thus, the average number of electrons in(@)|,—n+1L = V, whereV is the applied bias voltage, we
QD belonging to thé&th QD layer(Nk) can be indicated by obtain

a solitary QD layer index (k = 1, 2, ... K, whereK is the \Y 2rKel

total number of the QD layers in the QDIP). The numbers of {p1) = (K +1) T e ((N)Zqp — Zp). (6)

electrons captured into the QDs with indexs governed by .Itt is natural to assume that the propagation of electrons

an equation describing the balance of electrons Captured."t"h?ough a puncture between QDs is affected, apart from by

QDs and exmted f“’”? them. In dark conditions, assuming o average potential, by the potential created by the four QDs
that the main mechanism of the electron escape from QDs |s . .
. . . e surrounding this puncture, thus (for example, for the puncture
associated with their thermoemission and that the transport Ot |ateral coordinates — v — 0), one can arrive at
electrons across the QDIP active region is due to their dri?’t\{ B =y="5
the balance equation can be presented as: A 4V2(N)/Zap [ 1 } @
pr=——————— ,

£— ZZop(X2+y?)
(j)px = €XqpG, (1) ® 2

where(j) is the current density averaged in the in-plane direéf\-’h_ereé = V2In1 + V52 + v/5)/2)/v2 — 1 =~ 0'361'_
tions,e = |e| is the electron charg&y is the rate of the elec- USINg €ds. (4), (6), and (7), for the average current density

tron thermoexcitation from QDs angk is the capture proba- )= = /LQD/Z /LQD/2
1) = 2qp

bility. The latter two quantities are governed by the following j dxdy,

. . Lop/2
equations, respectively:

H2 (NG after integration we obtain
€QD s k

Gk = Goexpl ——— Jexpl ———=— |, 2 . . (20

“ ° p< kBT) p(kaTaéD> @ (J) = Jm(—(N))

Nop — (Nk) & (Nk) N
Pk = Po Noo exp<— ClaT ) 3) x exp|:e<V +Vp — ’<\I—QI>)VQD)/(K + 1)kBT:|~

In egs. (2) and (3)Go is the pre-exponential factoggp is
the ionization energy of the ground state in QDs,is the Here, we have introduced parameters
effective mass of electrons in QDs amdndkg are the Planck T
and Boltzmann constants, respectivelyis the temperature, - =8
po is the capture parameter for uncharged QWsp is the 4ﬁez\/ 2qQD
maximum number of electrons which can occupy each QD, 2re
C ~ (2eagp/7+/7) is the QD capacitance, and e is the Voo = ;K(K + D XqpL (1 —n)Nqp,
dielectric constant. Equations (1)—(3) are akin to those for
QWIPs18-21) and

Considering the range of not too low voltagesy > 2re
e\ > kgr, wheree\p =~ ¢qp is the height of the poten- Vb = EK(K +DZolL,
tial barrier in the QDIP active region at equilibrium, the local

wheren = (2v/25 /K L,/Zqp).

dark current density can be presented in the following form: Using eq. (1) with egs. (2) and (3), we obtain

e((p1) + A1) —
L4 4
kT | @ <N><1+—‘/;T;BQD) =
where jn, is the maximum current density which can be ex- ) _
tracted from the emitter contact. Equation (4) assumes that No -+ mks T a5 In[(J)IOO(NQD - <N>)}
becauseV > e\ > kg, the ridge of the potential barrier 7h? eGoZopNaop ’
limiting the electron injection from the emitter contact, is i _ 2 ; ; _
the first QD layer plane. In eq. (4), the electric potential gf/here 2 = ah’/mé is the Bohr radius andNo =

. o maéDEQD/T[hZ) >~ Nop.
the QD layer withk = 1 is presented as the sum of the aver- Coupled egs. (8) and (9) govetit) and (N) as functions

age potential formed by all QDs and dondgs) at the plane f the ODIP | i : |
Z = L and the potentiahg, = Agy(x.y) created at this ;) the Q structural parameters, applied bias voltage, and
e‘nperature.

plane by the QDs nearest to a given puncture in the potentlaAt moderate voltage¥o < V < (Vop — Vb), when(N) is

barrtlfr. IHe:e,t;]:oortgr}am Corlresponds ttz t(;]_e d,'[_reCt'onhE_Jler'markedly smaller thaMgp, one can neglect the dependence
pendicular to the QD layer plane (growth direction), while of the logarithmic term in eq. (9) ofN). In contrast, at rel-

andy are the in—plane coordinaFes.. Thelaverage potentialdﬁvely high voltages/ < (Voo — Vo), this dependence is
governed by the Poisson equation in which the space Chafprﬁ)ortant, and eq. (9) y_ieIdS\I) ~ Nop. In these two lim-

is averaged in the in-plane directions. Noting that accordiq . 3 d (9 btain the followi
to egs. (1)—(3) numberdNy) are actually the same for all in- eggai;?ess%o?(?)r?g egs. (8) and (9), we obtain the following

dexes (i.e.{Nx) = (N)), the Poisson equation for the average

potential can be reduced to the following: () ~ jobV” exp[(ei\li —:\l/)o) - 1)8QD>/'}/kBT:|,
d*(p) (10)
d 2z

LQD/2

j = jmexp[

©)

dre &
= — Y ((N)Zgp— Zp)8(z—KkL).  (5)
® for Vo < V <« (Voo — W), and
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()~ jo0 exp[e(v + Vb — VQD):|_ (11) Very similar to that of QDIPs. Equation (10) also elucidates
(K +DksT why the dark current in real QDIPs is fairly high, exeeding
for V < (Voo — Vp). Here, that in QWIPs with comparable parameters. The point is that
eGyS usually the parameter of the QDIP “nonideality’bDaéD is
= 7‘?[’, rather small that leads to close to unity and a low activation
Po energy. As a rough approximation, the QWIP dark-current
o — Jm\ [ 20© characteristics can be obtained from the above formulas by
~ \jo/ \\Nop setting ZQDaéD = 1 andn = 0 in the expression for pa-
rametery resulting in a higher value of this parameter for
and QWIPs than that for QDIPs. Thus, an increase in the prod-
L 1 uct, EQDaéD, should favor lower dark current in QDIPs. Be-
y =1+4+2K EQDaéD<—)[ _ il } cause the dark current and, predictably, the photocurrent rise
ag ) [ 1+ (Vmagp/2a) strongly with increasing doping of the QDIP active region, the

As can be seen from egs. (10) and (11), the dark curredidping level is an important parameter for the optimization of
exhibits an exponential increase with increasing applied bigdDIPs.
voltage as well as with increasing doping level. Figure 2 In summary, we developed an analytical model for real-
shows the calculated and experimefitdhrk current-voltage istic QDIPs and used this model for the calculation of the
characteristics of InAs/GaAs QDIPs. In the calculations, wéark current as a function of the structural parameters, applied
assumed thak = 10, Zgp = (1.2 — 1.6) x 10'°%cm2, bias voltage and temperature. Our results clarify experimen-
L = 100nm,agp = 15nm, andag = 15nm atT = 40K. tal observations of sharp dark current—voltage characteristics
Comparison of the theoretical and experimental results ref QDIPs as well as strong dependence of the dark current on
veals their good agreement. Thus, the developed modtie density of QDs in the QD layers and the doping level of
which takes into account the features of electron transport ihe active region. The calculated characteristics of QDIPs are
QDIPs and, primarily, the features of the space charge fan good agreement with those obtained experimentally.
mation, provides an explanation for the elevated steepness of
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Fig. 2. Comparison of calculated (lines) and experimental (squares) da
current—voltage characteristics.



