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Evaluation of the fundamental properties of quantum dot infrared detectors
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The physical properties of detectors based on intraband optical absorption in quantum dots is
described and examined in the interest of providing a competitive alternative inffRedetector
technology. These quantum dot detectors are an extension of quantum well infrared photodetectors
and are expected to have a large performance advantage. A model is developed for quantum dot
infrared photodetectors based on fundamental performance limitations enabling a direct comparison
between IR materials technologies. A comparison is made among HgCdTe, quantum well, and
quantum dot IR detectors, where quantum dots are expected to have the potential to outperform
guantum wells by several orders of magnitude and compete with HgCdTe. In this analysis, quantum
dots are expected to possess the fundamental ability to achieve the highest IR detector performance
if quantum dot arrays with high size uniformity and optimal bandstructure may be achieved.
© 2002 American Institute of Physic§DOI: 10.1063/1.1455130

I. INTRODUCTION groups'~t"where self-assembled quantum dbté°are fab-
ricated using the Stranski—Krastanow growth mode during

Infrared (IR) detectors are important for a variety of ap- molecular beam epitaxy. These detectors have shown prom-

plications, ranging from strategic and tactical defense appliising results, but are far from rivaling the current state of the

cations to commercial applications in astronomy, publicart HJCdTe detectors. This article investigates the potential

safety, and industry. High performance IR systems desire desf QDIPs as a competitor to HgCdTe based on fundamental

tectors with the highest performance, operation at the highegiroperties of the materials. Comparisons are made among

temperature, and fabrication at the lowest cost. The high pe®@DIPs, QWIPs, and HgCdTe to emphasize fundamental dif-

formance IR detector technology leader of today isferences.

HgCdTel=® However, this II-VI semiconductor material has

difficulties in epitaxial growth and processing resulting in || MODELS FOR DETECTOR TECHNOLOGY

low yields, difficulties in achieving a viable production tech- COMPARISON

nology, and ultimately high cost. Because of these difficul- ) ,

ties, alternative technologies have been investigated in lll—v 1 ne ultimate performance of an IR detector is commonly

semiconductor materials. One of these technologies is thig'€med to as the background limited performariBelP).

strained layer superlattice with a type-Il band linéthe.g., This is the critipal .point where photogenerated carriers are
InAs/GaSh, which is expected to have reduced Auger scat-equal to the noise n _the detector, typically due to therma_lly
tering rates that may lead to increased operating temperatur?gnerated carriers. _Km_ch hf.is made an excellen_t comparison
in comparison to HgCdTe. This promising technology is still or fun_damental I|m|tat|on_s_ ”;]1”:2 _detector_matenal through
in its infancy and requires complex material heterostructuresf.inaIySIS of the BlTlp conditio .Th!s analysis allows one 0
While this technology is an important developing technol_evaluate a materials technology independent of device con-

ogy, it will not be addressed here. Another alternative is thé'gur?ﬂgn an_d examine tkt1e tBhLIPtflond't'ﬁn where tpf;otogg-
quantum well infrared photodetecté@WIP)® which uses nerated carriers are greater than thermally generated carriers

intersubband optical transitions in quantum wells as the del the material, given by

tection mechanism. QWIPs have shown much success as 7®7/t>ny,, 1)
d?Nrr}cF))r;‘strrlzteed gr{oth?]lrmusir:nkljR g?me;ar\]tsyﬁtéeiﬁll .ﬁco.\évne(\:/eréha where 7 is the absorption quantum efficienad, is the pho-
Q v w u Wer quantu iciency "on flux, 7is the carrier lifetimet is the material thickness in

Hg(?dTe and require much lower operating temperatures tﬂwe direction of the incident photon flux, amg, is the ther-
ach|_eve the samellevel of performan(?e of HgCdTe. An exi’nally generated carrier density. Usimge at, wherea is the
tension of QWIPs is the quantum dot infrared phomdetecmébsorption coefficient in the material, we get the BLIP re-
(QDIP), which uses optical transitions between bound state uirement® >,/ and obtain a nor’malized thermal gen-
in the conduction/valence band in quantum dots. QDIPs ar ration raté:

predicted to outperform QWIPs due to their inherent sensi-

tivity to normal incidence radiation and reduced phonon  Gu=np/ar. 2

scattering. QDIPs have been demonstrated by severghs rejationship provides a simplistic method of comparing

fundamental differences between materials technologies for
dElectronic mail: jphilli@engin.umich.edu infrared detectors.
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The thermal generation rte for minority carrier detector QD
devices is given byGy,=Nyin/ammin- For n-type HgCdTe,

minority carrier lifetime will be assumed to be limited by the D=1/s2
o 7/

~>

Auger lifetime for intrinsic material and the thermal genera-
tion rate may be given by

480N T2
Gp=———a__(cm 25 1) ©) [«—s—]

th™
Eé/Zeq Eg /KT

using well known material parameters for HgCdTe, where @

= i_s the ba_md_ gap energy in eV _amt;lna]- is the majority Ec E2
carrier density in cm?, which we will assume to be deter- :
mined by the dopant density. E
The normalized thermal generation rate for a QWIP may W\> G
be given by!
o oM KT E—E, , By
n=2 o R AT ) 4 ®

Whe_re Ef and E2 E_lr_e the Fermi energy and energ_y of the FIG. 1. lllustration of(a) the quantum dot array and) conduction band
excited state transition in the quantum well, respectively. Th&rycture for the QDIP analysis.

equilibrium electron concentration in the ground state is
given byngand will be assumed to be similar to the doping
level, typically near 18 cm™3 for a QWIP. The absorption spectra in quantum dot ensembles, and must be accounted
coefficient has a dependence g which has been found to for by proper evaluation of devices. For self-assembled
be a=5x10 "n, cm* for GaAs” and will be used for quantum dots obtained through the Stranski—Krastanow
this analysis. The factor of 2 in Eq4) is necessary for growth mode, a Gaussian distribution has been observed for
QWIPs due to the polarization selection rules which requirehe electronic and optical spectra in quantum dot ensembles.
the electric field of incident light to be parallel to the direc- The absorption spectra for an ensemble of quantum dots used
tion of quantum confinement, which results in a maximumin this analysis may be modeled using a Gaussian line shape
absorption quantum efficiency of 0.5 for normal incidenceand will be written as
operation. The generation rate is calculated assuming a net

guantum well thickness equal todlin order to maintain a a(E)=AE UQDeX _ (E—Eg)? [em™ 1] ®)
fundamental comparison. D 0ens 2 '

Uens
Ill. FORMULATION FOR QDIPs whereA is the maximum absorption coefficient as obtained

from calculations presented in the literaturg, is the areal
The normalized thermal generation rate for a QDIP maygensity of electrons in the quantum dot ground stBtes the
be calculated Using a similar teChniqUe. Here we will Con'quantum dot density, anEG is the energy of the Optica'
sider a planar array of quantum dots as illustrated in Figtransition between ground and excited states in the B9s
1(a). A simple model will be a§sumed for the QD conduction — E,—E;. The expressionsqp and o, are the standard
band structure with two confined energy levels and the exgeviations in the Gaussian line shaffell width at half
cited state transition coinciding with the barrier conductionmaximum is equal to @(2 In(2))¥3 for intraband absorp-
band minimum, as shown in Fig(k). General emphasis will ~ tjon in a single quantum dot and for the distribution in ener-
be placed on quantum dots forming using the self-assemblyies for the quantum dot ensemble, respectively. This repre-
technique where QDIPs have been demonstrated and sorgentation of the absorption coefficient accounts for the
knowledge of the physical properties have been measured gecessary presence of electrons in the quantum dot ground
calculated. A fill factorF needs to be included for optical state for absorption to occur. The raigy,/oensin Eq. (6)
absorption in quantum dots. The fill factor is estimated as represents the decrease in maximum absorption coefficient
3y due to inhomogeneous broadening of QD energy levels and
F=—, (5)  the exponential term provides the Gaussian line shape. The
modeling for intraband optical absorption in quantum dots
where V is the quantum dot volume arslis the interdot given in Eq.(6) makes qualitative sense, whekeeflects the
spacing which equals A2 The optical absorption coeffi- maximum absorption for QDs, and the termg/D and
cient for intraband transitions is predicted to be larger forogp/oens describe a decrease in absorption due to the ab-
guantum dots than quantum wells due to increased localizasence of available electrons in the QD ground state and in-
tion of electrons in the quantum dots. An absorption coeffi-homogeneous broadening, respectively.
cient of >10* cm ! has been predicted for quantum The Fermi distribution is used to calculate the carrier
dots?>?* Quantum dots have a technological challenge indensities. Quantum dot fabrication techniques such as self-
achieving a uniform quantum dot size. A significant degreeassembled growth typically include a uniform sheet density
of inhomogeneous broadening is observed in the electroniof dopants to provide carriers for absorption. It is therefore
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necessary to include carriers and dopants outside of thBABLE I. Parameters used for quantum dots in QDIP calculations, unless
quantum dot region. A Gaussian distribution may be used t§tated otherwise.

reflect inhomogeneous broadening in ground and excited A 5% 10* cm-!
state levels in quantum dot ensembles, where electron densi- v 5310729 cn
ties for energy leveh are given by® D 5X10° cm?
T 1ns
Np 1x 10" cm™?

f(En)dE, @)

f gD p( (E-Ep)?
n,= | —exp ————
\/;O' a?
whereg is the degeneracy factor for the energy leg|,is

the mean energyr is the standard deviation in energy for the the energy level separation between confined levels is larger
Gaussian line shape, arfi¢E) is the Fermi function. Pervi- than the thermal energy. Carrier relaxation times in quantum
ous calculations for self-assembled InAs/GaAs quantum dotdots have been measured experimentallp-n junction la-
suggest a higher fourfold degeneracy for excited electroser devices to be 30-50 fkThese times are longer than the
states> We will assume a degeneracy gi=2 (two spin  typical 1-10 ps measured for quantum wells. It is predicted
state$ for the quantum dot ground state, age 8 (fourfold  that the carrier relaxation times in QDs are limited by
degeneracy and two spin states eafdr the quantum dot electron-hole scatterirfd,rather than phonon scattering. For
excited state. For calculations used in this analysis, th&DIPs, the lifetime is expected to be even longer, greater
Gaussian line shape function describing carrier densities ithan 1 ns, for a majority carrier device such as the QDIP due
QD ground and excited states has little effect on results proto the absence of holes. In this article we assume 1 ns for the

vided o<Eg, and may therefore be simplified ta, lifetime 7.
=gDf(E,). Using the charge neutrality condition, the two- QDIPs clearly have resemblance to QWIPs in general
dimensional carrier densities may then be given by operation and device structure, however there are additional

parameters unique to quantum dots that affect device perfor-
mance. QDIPs essentially have more design parameters or
o “dials to turn,” which are important to understand. QDIP
+ fo 9°°(E)f(E)dE, (8)  performance has a distinct tradeoff between, and dependence
on, quantum dot density and dopant concentration. Figure 2
whereNp, is the sheet density dopant levBl,is the quantum  shows the normalized dark current for a QDIP as a function
dot density,f(E) is the Fermi function, an€,; andE, are  of theNp /D ratio, where inhomogeneous broadening of the
the ground and excited state energies in the quantum doteot ensemble is neglected for clarity §p/oens=1). As one
whereE,—E;=E, is the energy of the quantum dot intra- would expect, the optimal dopant density corresponds to
band transition. In this analysis we assumed, similar to thewice the QD areal densitgi.e., just enough dopants to fill
above QWIP, thatE, coincides with the conduction band the ground states of the QDsThe dark current increase at
minimum of the barrier materidE = E,). The thermal car- higher dopant densities as dopants outnumber the number of
rier density is then given by,+n, and is converted to a electron states available in the QD ground state. At reduced
three dimensional density by dividing by the net thickness dopant densities, there are fewer electrons in the QD ground
of quantum dot layer. To maintain a fundamental comparistate for absorption. The reduced absorption results in the
son, we assume= 1/an,, to maintain a fundamental com- increased normalized dark current shown in Fig. 2 for low
parison. The normalized thermal generation rate may then be

ND:nl+ n2+ anZDf(El)+8Df(E2)

given by
-1
goDt N g 10 T T
= m(nb ny). ©) F
It should be noted that the carrier densities are dependent on N'E‘ 102 |
temperature, dopant density, and quantum dot density, as in- & ]
dicated in Eq(7). 3
= s
S 10
IV. QDIP ANALYSIS S
o
Material parameters that will be used for QDIP calcula- g 10"
tions, unless otherwise noted, are listed in Table I. The value 2Z

for A is within the range reported in the literatf* The
volume and density of the QDs used in the calculations are s

representative of self-assembled InAs/GaAs quantum dots L PP —
reported in the literatur® The dopant concentration corre- 10 10 10 10 10
sponds to 2 per QD. A value farhas yet to be resolved for Sheet Dopant Density/QD Density

the QDIP device, althoth it is one of the important advan_FIG. 2. Normalized dark currenfT=2100 K) for a QDIP vs the ratio of

tages and selling points of the QDIP over QWIPs. Phononyopant density to quantum dot density for perfectly uniform QD ensemble
scattering is expected to be inhibited in quantum dots whelgyp/oens=1).
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FIG. 4. Normalized dark current for HgCdTe, QWIP, and QDIP detectors as
FIG. 3. Quantum dot layer peak absorption equivalence compared to g function of temperature with a band gap energy ofubd.
single GaAs quantum well for varying QD uniformity.

.y .29 .
dopant density, according to the dark current condition af°r of 0-1aqw/aqp. Ryzhii's afnalys'%_ does notinclude the
BLIP used in this analysis. The result of increased normalddvantages of increased carrier lifetime in QDs, resulting in a

ized dark current at low dopant density may at first be counligher predicted QDIP dark current than presented in this
terintuitive, but it is clear that reduced absorption requires £&121YSis.

larger optical material thickness for equivalent absorption. A common figure of merit for detectors is the detectivity
It is useful to compare the absorption in QDIPs tOD*, which reflects the signal/noise ratio independent of de-

QWIPs. Figure 3 shows the absorption equivalence of a layefCtor geometry and operation and is defined as

of quantum dots versus dot density compare_d to a single 10 signalx \bandwidth
nm GaAs quantum well, for three cases of inhomogeneous D*=———— . (10
broadening. For a perspective of these cases of inhomoge- noisexincidencex yarea

neous broadening, an assumed linewidth of 0.1 meV transfo compare these detector technologies, we will exarbihe
lates to QD ensemble linewidths of 1 and 10 meV forassuming that noise is limited by thermal generation. The

Tens 0qp ratios of 10 and 100. The latter is similar to what noise current due to thermal generation is given by
has been demonstrated experimentally for self-assembled

quantum dot$® The larger absorption coefficient in quantum ~ 'n= qv2G x areax bandwidth (11
dots results in the ability to provide similar absorption at theand applying to Eq(9), results in the following expression:
peak energy to a quantum well for a perfectly uniform QD

ensemble with density in the $910'° cm™? range. For a .7
single layer of QDs witho g, 0op=100, a QD density of  gqhv\2G’
>10 cm 2 is necessary to provide peak absorption _ .
equivalent to a single quantum well layer. It is clear thatVhere7is the external detector quantum efficiency &wvds
control over QD size uniformity is necessary to provide ad-t"€ €nergy of incident IR radiation. The detector quantum
equate absorption. Qualitatively, the inhomogeneous broadfficiency is assumed to bg=1 for HgCdTe and QDIPs
ening in QDs results in a broadened spectral response with §VE€ry photon absorbed, no reflection at surfage 0.5 for

weakened peak absorption and equivalent integrated absorfgWIPS (cannot detect normal incidence radiajiomihe de-
tion. ectivity in Eq. (411 represents the upper limit for a given

material then thermal noise is dominant over photon noise.
The detectivity for HgCdTe, QWIPs, and QDIPs are shown
in Fig. 5 for a band gap energy &;=0.124 eV. The detec-

A comparison of the normalized dark current for tivity of QDIPs is expected to outperform QWIPs by orders
HgCdTe, QWIP, and QDIP, as obtained in E(®, (4), and  of magnitude and, in the case of highly uniform QD en-
(8), is shown in Fig. 4 for a band gap energyEf=0.124  sembles, rival, and potentially exceed that of HgCdTe.
eV corresponding to a cutoff wavelengthiaf~10 um. It is There have been several reports of QDIPs in the litera-
clear from this analysis that the fundamental performancéure, but their performance has not been comparable to
limitations of QWIPs are unlikely to rival HgCdTe. The per- HgCdTe detectors. It is worth identifying reasons for QDIPs
formance of QDIPs, however, is predicted to rival and perto perform far below expectations. Poor QDIP performance
haps outperform HgCdTe for very uniform quantum dot ar-can generally be linked to two sources: nonoptimal band
rays. Ryzhit® has also theoretically evaluated the darkstructure and nonuniformity in QD size. Quantum dot fabri-
current in a QDIP and compared to a QWIP, and reached eation is intimately tied in to the final determination of the
similar prediction of a largely reduced dark current by a fac-electronic band structure. In the analysis presented in this

(12

V. HgCdTe, QWIP, AND QDIP COMPARISON
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Fig. 3. Reduced optical absorption in QDs due to size non-
uniformity results in an increase in the normalized dark cur-
rent and a reduction in detectivity.

VI. CONCLUSION

The detection mechanism for intraband optical absorp-
tion in quantum dots has been described and modeled. The
performance of QDIP detectors is expected to outperform
QWIPs by several orders of magnitude when using measured
or predicted parameters for self-assembled quantum dots. A
direct comparison of limitations on dark current and detec-
tivity in HgCdTe, QWIP, and QDIP has been made. QDIPs

Detectivity (cm Hz'2/w)

10° [ a . L] are expected to have the potential to rival and exceed the
5.0 10.0 15.0 20.0 25.0 performance of HgCdTe detectors if quantum dot arrays with
1000/T (1/K) high size uniformity may be achieved. Improvements in QD

fabrication techniques to reduce inhomogeneous broadening

FIG. 5. Detectivity for HgCdTe, QWIP, and QDIP detectors as a function ofare necessary to enable the competitiveness of QDIPs.
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