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Abstract

We describe the fabrication, modelling and performance of a
resonant " cavity detector using epitaxial p-type SiGe/Si
quantum wells grown over a high reflectance tungsten
silicide layer. The device operates in the 8-12pum band in
normal incidence and has a black body responsivity
comparable to current n-GaAs/AlGaAs detectors at ~1V,
making it suitable for integration in a monolithic Si-based
focal plane array. Ways to improve the design are discussed.

Introduction

Staring focal plane arrays (FPAs) for thermal imaging are
generally based on Si readout circuits which are combined
with 2-dimensional (2D) detector arrays. In the 3-5um
atmospheric window the highest performance systems
require cryogenic cooling and use hybridised InSb or
HgCdTe photon detector arrays, while large FPAs
(maximising pixel numbers and field-of-view) use
monolithically integrated Si circuits and PtSi Schottky
barrier detectors. At the longer wavelength (8-12um)
atmospheric window hybridised n-type GaAs/AlGaAs
quantum well infrared photodetector (QWIP) arrays (2)
deliver the best performance. The absorption in these QWIPs
is due to intersubband transitions with low intrinsic
quantum efficiency (QE) compared with direct gap HgCdTe
alloys, but the relative maturity of GaAs/AlGaAs technology
has allowed fabrication of large, uniform 2D arrays. The
use of IrSi Schottky barriers or single heterojunction p-
SiGe/Si detectors (3) to make monolithic FPAs in the 8-
12pum band has not proved commercially viable due to their
low QE and detectivity in this wavelength range.

The fabrication of n-GaAs/AlGaAs QWIPs is complicated
by the need for a special structure on each pixel to scatter the
incident light in a direction parallel to the plane of the FPA
to allow intersubband absorption. In order to minimise
optical cross-talk between pixels and to increase the effective
path length by trapping light within a pixel, the GaAs
substrate wafer in the hybridised QWIP array is usually
polished to a few microns thickness, increasing fabrication
costs.

P-type QWIPs differ from these well-known n-type devices
in absorbing light propagating normal to the plane of the
detector array (3). In this paper we describe a new device
using a p-SiGe/Si QWIP grown on a bonded silicon-on-
insulator wafer incorporating a buried WSi, layer as a
broad-band reflector to form a vertical resonant cavity
structure.  Normally-incident radiation at the resonance
wavelength creates a standing optical wave in the cavity
which increases the QE compared with a similar QWIP on a
bulk Si substrate. This geometry achieves increased
absorption and low optical cross-talk without the need for
expensive wafer thinning,

Experimental Methods

The final device is shown schematically in Fig. 1. The
substrate was a bonded ~wafer fabricated by BCO
Technologies, Northern Ireland. A 0.3pm thick tungsten
silicide (WSiz7) layer was deposited on a Si wafer, using
industry-standard ~ chemical vapour deposition (CVD),
followed by a 1jum thick deposited oxide layer. The silicided
wafer was bonded to a handle wafer and then thinned to
produce a silicon-silicide-on-insulator (S?OI) substrate (4).
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Figure 1, Sch ic cross-section of the cavity device
incorporating a 16 period SiGe/Si QWIP. The epitaxy begins at
the p'Si/Si interface.
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Fig. 1. Relative normal incilence photoconductivity spectra for 30
period p-SeliefS QWIPs on bulk 51 substrales. The Ge fraction 1n
the SiGe alloys increases from A te € The msst illestmtes
photoexcitation of holes

The 16-period, p-SippeGeg s /50 resonant cavity QWIP was
grown epitaxially on this 5200 substrate at 650°C by bow
pressure CVD using Hy/SiHJ/GeH, mixtures at a total
pressure of 20 Pa, The 16 alloy quantum wells were
nominally Snm thick, each doped p-type with a shest
concentration ~ 1. %e12cm™ using BsHe, and the nominally-
undoped 5i barrier layers were 53nm thick. The p-8i
contact [ayers were doped a1 ~3elfem™ A Imm diameter
photeconductive detector was fabricated by wet eiching to
form an unpassivated mesa-isolated sructure, followed by
deposition, patterning and alloving of Al 10 form ohmic
contacts as illusirated in Fig. 1. A 30 pericd p-SiGe/Si
QWIP with similar composition was fobricated on a bulk
P -5 wafer as a non-resonant reference device in wiuch the
incident radiation wis attemuated after a single optical pass
through the QWIP fefon.

The normal incidence reflectances of the bonded substrate
and the resomant cavity OWIP were measured using a
Perkin-Elmer 983G spectrophotometer with gold as 100%
reflectance standard.  MNommal incidence, black body
responsivities were measured at 25K by flood illnmination
of the sample in & ervostal with radiation from a calibrated
30K oven source; the incident power flux was checked by
replacing the sampls in the cryosiat wath a calibrated
pyroelecinic defector.  Spectral responsivities were obdained
by integration owver the photoconductivity spectrum
mieasured relative (o a pyroeleciric detector using the method
described in (5],

Optical Propertics

Absorption in the heavilv-doped p-3iGe QWs is dominated
by direct inter-valence-band transitions broadened by
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Fig. 3. Reflectance spectra af 293K, measured (solid line) asd
simaulated (dashed line) for a) the resonant cavity device and b the
Wiy reflector in & 501 substrale after remaval of the 8i everlaver,
Uity reflectance represents & Ao standard

impurity scattering. giving a Drude-like dispersion (6). The
cnergy dependence of responsivity is determined by the
dispersion of both the absorplos Inlensity and the
probability that photo-excited holes escape from the OW into
the 5i barrier layer, coniributing to the photocurrent. The

spectral responsivity for non-resonant p-SiGefSi QWIPs an
bulk 5i substrates is quitc broad, and can be tailored by
varving alloy composition and OW width (Fig 2). The QW
composition for this work was chosen o give a peak
FESPONSIVIEY Bear Yum in 3 pon-resonant device.  In order (o
achieve resonantly-enhanced absorplion at that wavelength,
the cavity in Fig. | was designed to be 5.9um thick to
penerate 4 standing optical wave for incident 9pm radiation.

The ification was checked afier growth of the (WIF on
the S%?waferbymmﬂ of the device reflectance and
comparison with optical models, The reflectance spectrum
was simulated using Fresnel’s equations with room
temperature refractive indices representing the individual
layers and assuming abrupt interfaces, The buried silicide
mirror was represented as 3 W/Si mixture, the reflectance of
this simulated layer giving good agreement with the
mensured reflectance of a real silicide layer after removal af
the overlying Si (Fig. 3). The top reflector is formed by the
Sif ambient interface. The cavity thickness was varicd to fil
the simulated reflectance to the measured spectrum. The
pood agreement in Fig, 3 was obtained assuming a cavity
thickness of 6um, close to the original desipn value of
5%am. The minima in the reflectance spectrum oocur o
rescnance wavelengths where standing optical waves are
generated in the cavity structure.
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Fig 4. Relutive photoresponse spectrn for the resmant covity
CWTP [solid line) and the non-resooont reference QWP (dashed
liner)y at 200K,

Detector Properties

A, Speciral Responsivity

The spectral responsivities of the non-respranl device on
bulk 5i and the resomint cavity device on the 55010 wafer are
compared in Fig 4. The relatvely broad spectrum of the
non=resonant QWP peaks belwesn 9- [0pm, with i cut-off

wivelength —13 um; this is the characteristic response for the
Snm thick SinueGesa QWs. The responsivity of the cavity
device shows strong  enhancement at the  reserancs
wivelengths determined from the reflectance spectrum tn
Fig 3, witli the most intense peak at 9 2pm. The square of
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Fig 5. Relative magnitudes of the square of the optical eleclric
fichd strength through various regions of the resonant covity deviee
witl unit incudent field strength at 92pm. The dashed line “N°
represemie absorplion al this wavelength in the pon-resonmst
device, Peak ahsorplion intensity is ~16X higher in the standing
wave af the resonamt cavity device

the calculated optical electric field strength  ar (his
resenance is shown as a function of position in the cavity in
Fig. 5, assuming unit incident field strength, This quantity
is propertional to the shsorption intemsity, The shsolute
penk respansivities in Fig 4, using similar bias fields across
the 30 period non-resomant QWIP and the 16 period
resonant devices, are 20mAMW (resonant) at 0.2V and
25mAW  (non-resonant) at 0.5V bias, This &X
enhancement in responsivity at 9-10um for the resonant
device is less than the 16X increase in peak absorption
intensity predicted in Fig 5 because the 16 peried QWIP
structure spans regions of high and low intensity in the
standing wave,

8. Dark Current

Dark currents for the non-resonant and resonant QWIPs
were measured af different temmperatures with the devices
wwlly enclosed in & ecoled package. The temperature
dependences are compared in Fig. 6, using bias voltages
which generate similar electric fields scross the devices. The
higher-temperature: dark currenis due to thermally-activated
emisgion from the QWs, and the low femperature leakage
currents, are similar for the iwo unpassivated devices,
demonsirating high quality epitasy on the 5°01 wafer

C. Block Sody Responsivity

The bias-dependence of the SO0K black body responsivities
far the non-resonant and resonant SiGe/Si QWIPs measured
in mormal incidence are shown in Fig 7. Comparing
voltages at which the bias fields across the active regions of
the two devices are similar, the black body responsivity of
the |6 period resonant QWTP at 0.5V (9. lmAW) is more
than 5X higher than that of the 30 period non-resonant
WP at 1V (1L6mAWY; in the lafter the radiation makes
only a single pass through the QWIP before absorpticn in
the subsirate.

The corresponding black body responsivities for two 50
period n-GaAs/AlGaAs QWIPs are also shown in Fig. 7.
Curve Tc is the responsivity of a discrete GaAs QWIP using
a bound-contimnmm trangition with a 12.4pm cu-off (7).
The data were taken in this laboratory in 2 multi-pass
waveguide with 45" angle of incidence using the same
measurement equipment as for the normal incidence p-
5iGerSi devices, in the waveguide geometry the radistion
effectively makes a double pass through the active region.
Curve 7d is the black body responsivity derived from
published data on 2 FPA using 2 bound-bound n-
GaAs/AlGads QWIP with 8.5um cut=ofT this device is
hybridised on a 51 resdout circuit and operates in normal
incidence using a scattering surface laver (8} The black
body responsivity was derived from  the published
responsivity spectrum and the power spectrum of the SO0K
black body source, using methods described in (5).
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Fig. 6. Temperate-dependence of dark carrent densities for the
resapant (WSi;, 16 penod) and non-resooant (p-Si, 30 period)
QWIPs, The bias (ields across the pctive QW regions are similar,
The thermal activation energies are BlmeV (resonant) and T5meY
{mon-rescmant
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Discussion

Al bias voltages up o ~1V. as used in a FPA, the normal
incidence black body responsivity of the resonant p-SiGe/Si
QWIP on the 5°01 substrate is similar 1o that of the n-
GaAs/AlGaAs devices in Fig. 7. There are several ways in
which the performance of this resonant SiGe/S1 device
might be improved. First, the thermal dark current could be
reduced vsing & OWIP structure with & cul-off wavelength
shorter than the 13um used in this work; this would produce
only 4 small reduction of peak responsivity in the resonant
cavity.  Sccondly, the low wemperature leakage currents
could be reduced by suitable passivation of the mesa walls
Thirdiy, the efficiency of coupling 1o the incident radiation
could be increased by roducing the number of QWs in the
device and positioning thas smaller number near 8 maximum
in the optical electric field {9). The pheteconductive gain is
imversely proporional 10 the number of QWs in the QWIP,
and removing the wells which lie at a region of low field
strengih in the cavity standing wave in Fig. 5, and which
therefore contribute little to the absorption in the present
device, would increase the photocurrent almost in proportion
to the incrense in gain,

In conclusion, we have shown that the normal mcdence
responsivity for a p-51Ge/Si QWIP incorporated in a vertical
resonant cavity device using a buried silicide reflector is
comparable to that of [I-V QWIPs already used in FPA
cameras for long wavelengh imaging. The new devies
offers a route 1o large ares monolithic FPAS for the 8-12um
band, where the OWIP i3 imegrated by cpitaxial growth on
the 51 readout circuit. An inegrated FPA of this kind would
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Fig 7 Comparison of exterssl 500K black body responsivities
0} 16 perod resonnmt S1GefS0 QWIP, (b) 30 period van-resonant
SiGe/S) peference; (¢) 50 period bound-continuim n-iadsiA Gaas
CWTF in & waveguids; (d) 50 period bound-bound n-GassiAGads
COWIP ueed in 8 256x256 FPA aperating at 1V bigs

be less expensive to fabricate than n-GaAs/AlGass FPAs
which require hybridisation 1o a 8i circuit and subssquem
thinning to achieve high QE and low cross-talk, and would
also aveid problems associsted with differential contraction
on copling.  The high reflectance of the silicide laver over
thie whole long wavelength band will allow tiloring of the
QWIP composition and cavity thickness to optimise the peak
response wavelength and to maximise the detectivity,
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