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Abstract

This paper describes molecular beam epitaxial growth, processing and room
temperature characterization of lattice-matched GalnAsSb mid-infrared
detectors on GaSb substrates for room temperature operation. For the first
time, we demonstrate GalnAsSb detectors operating under back-
illumination, a critically important geometry for flip-chip-mounted focal
plane arrays, and achieve performance equal or superior to front-
illuminated detectors. Very high quantum efficiency and flat spectral
response are achieved for the back-illuminated detectors due to improved
carrier collection efficiency, photon recycling and reduced carrier
recombination. /n situ RHEED intensity oscillations and post-growth XRD
are used for coarse and fine tuning of GalnAsSb lattice matching,

respectively.

1. Introduction

There is much interest in 2.0-2.5 um detectors for
diverse applications in environmental and medical sensing,
and astronomy. For example, we are interested in the
continuous monitoring of glucose levels in blood using optical
absorption spectroscopy in this wavelength range [1]. II-V
semiconductor alloy materials, such as GalnAsSb/GaSb,
InGaAs/InP [2], InGaSb/GaSb [3] and InGaPSb/InAs [4],
have been tested so far for this wavelength region. Among
these, GalnAsSb and InGaAs detectors showed the best
performance. The excess strain incorporation in InGaAs
detectors, which is necessary to extend its wavelength response
beyond 1.71 pum, may severely limit its usefulness in the
wavelength range beyond 2 um. The GalnAsSb alloy, on the
other hand, is a promising mid-infrared optoelectronic material
due to the fact that the alloy can be kept lattice-matched to
GaSb substrates while the energy bandgap is varied between
0.496 and 0.62 eV (2.5-2.0 xm). Many methods, such as LPE
[5], MOCVD [6], OMVPE [7] and MBE [8], have been tried
for the growth of the GalnAsSb/GaSb detector structures.
MBE, by virtue of being a non-equilibrium growth technique
and allowing the lowest substrate temperatures during growth
compared to other techniques, is the most suitable method to
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provide good quality GalnAsSb alloys even into the miscibility
gap [9], which is necessary to extend the wavelength beyond
2.47 pm.

Thus far, GalnAsSb detectors have been studied using
the front-illuminated (F-I) configuration. Of late, the demand
for focal plane arrays of these sensors has been increasing
rapidly and so has the number of pixels in each array
[10]. As the size of the array increases, flip-chip bonding
becomes necessary due to the sheer number of pixels that
require an individual connection. Flip-chip packages offer a
number of additional advantages over the widely used wire-
bonding technique, including high I/O density and short
interconnect distance between the chip and the substrate
leading to high device performance, miniature devices and
excellent heat dissipation. For flip-chip mounting, back-
illumination is the most favoured configuration. Therefore,
we undertake here to study GalnAsSb detectors under back-
illumination (B-I) and compare their performance with front-
illumination (F-I) devices at room temperature. To the best
of our knowledge, no comparative study between these two
configurations has been previously undertaken. In order to
keep the comparison meaningful, these structures were grown
and fabricated under identical conditions. In this paper, we
describe MBE growth, processing and characterization of
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Figure 1. Room temperature variation of the bandgap of a
Ga,In,_,As,Sb,_, quaternary alloy, which stays lattice matched to
GaSb so long as the elemental concentrations are in the ratio
(InAsg.91Sbo g9).(GaSb),_,, as a functionof z (x = 1 — z,

y = 0.91z). The plot is based on equations provided in [11].

GalnAsSb detectors, specifically comparing and contrasting
B-I and F-I devices.

2. Experimental details

2.1. MBE growth

A solid-state molecular beam epitaxy system was used for the
growth of the device structures. Dual filament Sumo cells were
used for the group III sources and valved cracker cells for the
group V sources. Be and GaTe were used as p and n dopants,
respectively. The substrate temperature during the growth was
measured using an optical pyrometer. The substrates were
slowly heated to approximately 510 °C under a Sb flux to
desorb the oxide. Subsequently, the substrate temperature was
brought down to 490 °C for the growth of a doped GaSb buffer
layer. All the subsequent layers were grown around 460 °C.

The values of the x and y concentrations of the Ga,In;_.As,
Sby_, are uniquely determined by both the desired bandgap of
the quaternary alloy and the requirement of lattice matching
to a GaSb substrate. For example, as illustrated in figure 1,
the quaternary alloy with a ratio of elemental components
(InAsp.91Sbo.09);(GaSb);_, (so x = 1 — z, y = 0.917) stays
lattice matched to GaSb with a range of useful bandgaps on
the high energy side from 0.727 to 0.594 eV (1.7-2.5 um) at
room temperature as z varies from O to about 0.23 (depending
on the growth technique) before the alloy miscibility gap is
entered [11].

The group III fluxes required to achieve a desired x
concentration of the Ga,In;_,As, Sb;_, alloy were determined
simply from the growth rates of GaSb and InAs on a GaSb
substrate. At the substrate temperatures employed during this
growth (450490 °C), the group III elements have a sticking
coefficient of approximately unity and thus their concentration
x is determined simply from the appropriate ratio of growth
rates [12] x = RGaSb/RTols with R1ot = Rgasy + Rinas- The
growth rates of GaSb (Rg,sp) and InAs (Ryyas) on GaSb have an
exponential dependence on the group III cell temperature alone
and are independent of group V flux. Initially, Rgasp and Rypas
were calibrated against cell temperature using reflection high-
energy electron diffraction (RHEED) intensity oscillations
under excess group V flux. Cell temperatures/growth rates
were then chosen to obtain the desired x concentration.
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Figure 2. Fine tuning of the lattice constant of a quaternary

Gayg 79Ing 1 As,Sby_, alloy (ial167) to the GaSb substrate lattice
constant by making small variations in y. In this case, variation of
Jas/(Jas + Jsp) was achieved by varying the Sb flux Jgy, in three
consecutive half micron quaternary alloy layers while holding x and
As flux constant, followed by post-growth measurement and analysis
of high-resolution x-ray diffraction rocking curves. The inset shows
the diffraction peak position of each quaternary alloy layer relative
to the GaSb diffraction peak, along with the corresponding lattice
mismatch of the quaternary alloy to the GaSb substrate.

Total growth rate for the structures reported here was
0.703 monolayers s~

Finding the correct group V fluxes, Jg, and J,, to
achieve the desired y of the Ga,n;_As, Sb;_, alloy is not
as straightforward as the group III case, because neither of the
V elements has unity sticking coefficient, and the competition
between the V elements for incorporation into the alloy is
not straightforward. First, group V fluxes were calibrated by
measuring the beam equivalent pressure (BEP) as a function of
V-cell valve position. The total V/III flux ratio in the growth
of the structures here was kept just above stoichiometric
conditions, about 3. The precise Jas/(Jsp + Jas) flux ratio
to achieve the desired y for lattice matching was determined
by some trial and error. Because x of the alloy is set as
described above, the desired y of the alloy of target bandgap
is achieved automatically when the alloy is lattice matched to
GaSb. The degree of lattice mismatch of the alloy to GaSb can
be determined directly by a post-growth measurement with
high resolution x-ray diffraction (HRXRD).

For example, figure 2 shows the high resolution x-ray
diffraction (HR-XRD) spectra of a sample (ial167) grown
with three consecutive half micron layers of Ga,In;_.As, Sb;_,
alloy, each with fixed x (=0.79) but with three variations of y,
which is varied by changing the Jas/(Jsp+Jas) flux ratio. Each
value of y in turn gives rise to an alloy with a different lattice
constant and with a distinct XRD peak. The lattice mismatch
of the alloy compared to GaSb is equal to the separation of the
alloy and GaSb diffraction peaks times the conversion factor
8.3 x 107% arcs™!, as determined by the Bragg condition.
The leftmost XRD peak in figure 2 is the alloy that resulted
from an initial estimate of the Jas/(Jsp + Jas) ratio of fluxes
based on the y concentration of As. As the y concentration is
increased (by decreasing the Sb flux in this case; the lattice
constant can also be varied by changing the As flux [13]),
the quaternary peak shifts further towards the substrate peak.
The V-flux ratio versus lattice constant data, derived from
figure 2, can be extrapolated to achieve fine tuning of the
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Figure 3. Room temperature electroluminescence spectrum of the
F-1 sample (ial185) and the photoluminescence spectrum of a
Ga,In;_.As,Sb;_, quaternary alloy calibration sample (ia1208)
grown before the B-I sample (ia1209). Both samples are lattice
matched to GaSb, so alloy compositions, determined uniquely from
the plot in figure 1, are x = 0.79 and y = 0.19.
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Figure 4. Bright room-temperature photoluminescence was
achieved for (InAsg9;Sbgo9).(GaSb);_, epi-layers lattice matched
to the GaSb substrate with bandgaps varying from 2.2 um to

2.5 pm, corresponding to z’s from 0.15 to 0.23 as determined by the
plot in figure 1.
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lattice constant. Using this technique, samples used in this
study for the fabrication of detectors had a lattice mismatch
less than 5 x 1074,

The composition of the quaternary was cross checked
by determining the energy bandgap from a room temperature
photoluminescence (PL) measurement, which can be
determined directly from figure 1 if the alloy is lattice matched
to GaSb. Room temperature electroluminescence from the F-I
sample and PL from a calibration sample (ia1208) grown just
before the growth of the B-I sample and lattice matched to
GaSb showed the emission peaks at the same wavelength, i.e.,
2.43 pm (figure 3). Figure 1 shows that the composition of
the alloy in both cases is Gag79Ing 21AS0.195bp 81-

Figure 4 shows the normalized room-temperature PL
from GalnAsSb samples lattice matched to GaSb with peak
PL extending across the wavelength region of interest, 2.0—
2.5 um. Figure 1 gives the element ratios of the lattice matched
quaternary (InAsp.9;Sbg.g9),(GaSb)_, corresponding to z’s of
about 0.15 to 0.23.

2.2. Detector design

B-I and F-I detectors consisted of a Gag9Ing21AsS(19Sbos1
quaternary p—i—n homojunction photodiode grown on doped
(1 00)-oriented GaSb substrates about 500 yum thick. P-i—n
detectors operate by generation of a current of electrons and
holes from the absorption of incident light in the ‘i-region’.
The electrons and holes are accelerated to the n and p regions,
respectively, where they are collected by the metal contacts.
The detailed layer structures used for B-I and F-I
configuration detectors are shown in figure 5 (samples
ial209 and iall85, respectively). For the B-I detector,
light illumination occurred through the ‘backside’ or n-GaSb
substrate. N-rather than p-GaSb substrates were used for the
B-I case to avoid excess optical loss as light passed through
the substrate. For example, a 500 um n-GaSb substrate
doped to about 5 x 10'7 cm~3 showed negligible optical loss

Ti/Pt/Au Front metal

p-InAs
10 nm, 1x10"%cm™
p-Gag.79lng21As0,19Sbo 81
400 nm, 1x10"%cm™
Gay.79In0.21A80.19Sbo g1
2 um, unintentional p-
doping 5x10' cm™
n- Gag 79Ino.21As0.19Sbo 81
100 nm, 1x10%cm™

p-GaSb 400 nm, 1x10"cm™

n-GaSb 400 nm, 1x10"%cm™

500 pum thick
p-GaSb Substrate (1x10"™ em)

Ti/Pt/Au back metal

500 pm thick
n-GaSb Substrate (5x10'7 cm™)

prttes

Figure 5. Device structure of the front-illumination (left) and back-illumination (right) detectors. The F-I detector has a circular mesa with
a diameter of 410 um and a circular active area with a 200 um diameter. The back-illuminated device is a circular mesa with a 125 um

diameter.
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Figure 6. Real space energy band diagram of the (a) B-I detector
structure and (b) F-I detector structure. For the B-I detector,
photogenerated electrons encounter a heterointerface at the

n-Gag 70Ing 21 A0 19Sbg g1 /n-GaSb junction. Heavy n-doping of the
two layers aligns the conduction bands and creates only a low,
narrow Schottky barrier. For the F-I detector, holes encounter the
heterointerface. Again, heavy doping of both layers aligns the bands
and creates only a low, narrow Schottky barrier.

(absorption coefficient x substrate thickness, oL < 0.1) over the
wavelengths of interest (2.0-2.5 um) as compared to those of
500 pm thick p-GaSb substrates doped to about 1 x 10'8 cm =3,
which showed a very high optical loss (1.8 < aL < 3.0)
in the same wavelength region due to higher free-carrier
absorption.

The real space band diagram of the B-I p—i—n detector on
n-GaSb, shown in figure 6(a), shows that electrons collected
from the i-region encounter a heterointerface between the
n-Gag 79Ing 21Asp 19Sbg g1 and the n-GaSb substrates. The
conduction bands for the two regions align due to the heavy
doping of each layer, and only a very low, thin Schottky barrier
results which does not impede collection of electrons.

For the F-I detector, on the other hand, a p-GaSb substrate
was used, so that light, incident on the detector from the
front or epi-layer side, would pass through a thin n-doped
quaternary region rather than a lossy p*-doped GalnAsSb layer
en route to the i-region. The real space band diagram of the
F-I p—i—n detector in figure 6(b) shows that in this case it
is the holes that encounter the heterointerface between the
p-Gag 79Ing21As0.19Sbo g1 and the p-GaSb substrates. Again,
heavy doping of both layers aligns the valence bands, and only
a low, thin Schottky barrier results which does not impede the
collection of holes.

For both B-I and F-I detectors, the i-region consists of
a 2 pm thick Gag79lngs1Ase.1909bg g1 layer, thick enough to
absorb light above the cut-off wavelength with high efficiency,
but thin enough to allow electrons and holes to reach the n
and p regions before recombining. The ‘i-region’ actually had
an unintentionally p-doping level of about 5 x 10'® cm™3, as
determined by separate room temperature Hall measurements
of the quaternary grown on GaAs substrates, typical of
antimonide semiconductor alloys due to the formation of native
defects.
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2.3. Device processing

Device processing was started with a photolithography step to
define ring contacts of 400 um outer diameter and 200 um
inner diameter on the F-I sample, as shown in figure 5.
Ni/AuGe/Ni/Au metals were deposited on the top, n-side
of the F-I sample. The metal was lifted off selectively on
the F-I sample to leave the ring metal contacts intact. A
second lithography step was carried out on the F-I sample to
define circular mesas of 410 um diameter enclosing the ring
contacts. First, a 120 nm thick SrF, layer was deposited on
both the samples as a dry etch mask, followed by a lift-off step
to selectively leave only the contacts covered by SrF,. Next,
reactive ion etching was used to etch the mesas down to the
bottom heavily-doped GaSb epitaxial layer using a mixture
of BCl; and Cl,. Subsequently, Ti/Pt/Au was deposited as a
metal contact on the back, p-side of the F-I sample.

For the B-I detector, the same steps were followed,
except Ti/Pt/Au was deposited on the top as a solid circle
rather than a ring contact, and mesas were only 125 um in
diameter. A shadow mask was used on the backside to deposit
Ni/AuGe/Ni/Au around the edge of wafer, leaving most of
the backside available for illumination.

2.4. Device characterization

The responsivity measurements of the GalnAsSb p—i—n
detectors were performed at room temperature with a Nicolet
FTIR-Magna 56 spectrometer attached to a microscope. The
responsivity of each detector mesa was spectrally resolved
from 1.5 to 3.0 um with an instrument bandpass of 2.5 nm. The
responsivity of the detector was determined by normalizing the
measured spectrum with that of a commercial InAs detector.
The I-V measurements of the detectors were performed using
a Hewlett Packard 4155A semiconductor parameter analyser.

3. Results and discussion

In the following discussion, both the F-I and B-I detectors
are analysed in terms of the zero bias dynamic resistance,
defined as (Ry = dI/dV)~'y — —mesa area (A) product RyA;
and the spectral responsivity R, defined as the Amps of current
generated by the detector at zero bias voltage per watt of
incident light. Together, these two important figures of merit
characterize the D* of the detector, which is a measure of
the S/N of the detector per unit incident radiation: D*(A) =
R, (RoA/4kgT)'2, where kg is the Boltzman constant and T is
the temperature.

Figure 7 shows the dark /-V, and the product of dynamic
resistance R = (dI/dV)~! and device area A plotted against
the applied bias of some of the best detectors on the F-I and B-1
samples. The diodes show low forward dynamic resistance
indicating the good quality of the contacts and low series
resistance in both types of detectors. The product RA increases
linearly up to a reverse bias of 0.08 V (~3kT/q) and thereafter
remains more or less constant. Such a rise in RA has also been
observed by others [14] along with a sharp reduction upon
further increasing the reverse bias. The initial rise in RA is due
to the gradual reduction of diffusion current to a steady-state
value, and the sharp reduction has been attributed to the onset
of tunnel dark current. In this case, it can be concluded that the



MBE-grown high-efficiency GalnAsSb mid-infrared detectors

— T
| —— B-l detectors ]

----F-l detectors 48

-0.2 0.0 0.2
Voltage (V)

Figure 7. Current density and differential resistance-area product of
F-I and B-I detectors versus voltage at room temperature. RA
reaches a maximum value of 5 and 2  cm? respectively at a reverse
bias of 80 mV and then remains more or less constant with further
increase in reverse bias. The zero bias resistance area product RyA,
which is a figure of merit that affects the detector performance, is

1 and 2.2  cm? for F-I and B-I samples respectively.
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Figure 8. The bar chart showing the variation of RyA across the B-I
detector array. The array shows a small spread with a mean of
0.8  cm? and a low standard deviation of 0.18 £ cm?.

contribution of the tunnelling component in the reverse bias
dark current is small.

In figure 7, it can be seen that the average RpA for the
B-I and F-I detectors are 1 and 2.2 Q cm?, respectively. A
RoA histogram of several B-I diodes shown in figure 8
demonstrates that the device process utilizing the mesa dry etch
is capable of yielding a large array with excellent uniformity
in device parameters. A separate experiment to study the
dependence of RyA on the device mesa size showed that the
RoA of the devices under study are limited by the current
leakage at the side walls. Leakage currents limit RypA to a
greater degree in the B-I devices because they have a larger
perimeter-to-area ratio than the F-I devices. We are currently
looking into several passivation methods to eliminate side wall
current leakage.

Figure 9 shows the spectral responsivity of some of the
best F-I and B-I devices measured under zero bias voltage.
For both the samples, the absorption edge starts at 2.6 um,
which matches with the observed PL long-wavelength fall-off.
The responsivity spectrum of the B-I sample looks different
in two respects. The responsivity falls sharply at the shorter
wavelength side due to the GaSb substrate absorption edge.
On the longer wavelength side, the responsivity rises sharply,
reaching about 80% of the maximum value at 2.43 pm.
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Figure 9. Current responsivity versus wavelength curves for F-I and
B-I detectors. Measurements were performed under zero bias
voltage at room temperature. For each of the device geometries,
measurements are shown for two different mesa devices on the same
sample wafer.

On the other hand, the F-I sample shows a more subdued
increase in the response, reaching a value of only 50% at the
energy 2.43 pum.

In figure 9, it can also be seen that the B-I detector
has a larger and flatter response. It shows 90% of the
maximum response over a range of 2—2.4 um and a maximum
responsivity of 1.19 A W~! between 2.2 and 2.35 um. This
amounts to a quantum efficiency () of 65%. This value
is amongst the largest reported at 2.35 pum [5] with no
antireflection coating. On the other hand, the F-I sample shows
a maximum response of 1 A W~! (3 = 62%) at 2.01 um
and 0.78 A W~ (y = 41%) at 2.35 um, and 95% of the
maximum value for the wavelength range of 1.69-2.24 pm.

The larger responsivity shown by the B-I sample can be
attributed to two main causes. First, in the B-I case, the back
metal acts as a reflector for both the photons not absorbed in
the active layer and for the photons resulting from radiative
recombination, which would normally be absorbed in the
p-substrate in the conventional F-I design. These reflected
photons get reabsorbed in the active region, and this photon
recycling contributes to the quantum efficiency. It has been
reported earlier that the room-temperature PL and the time-
resolved PL measurements show three times larger PL and
twice as long a PL decay time for the samples with a reflector
when compared to those without a reflector [15, 16]. These
results show that the backside reflector improves collection
efficiency, optical absorption and photon recycling.

Second, in the B-I case, most of the photons, at least
those of shorter wavelength, get absorbed in the active layer
near the active/substrate interface which results in reduced
surface recombination. In a conventional F-I detector, the
shorter wavelength photons are absorbed near the sample top
surface where the recombination effects are prominent [17].
The other benefits of B-I devices are the 100% utilization of
diode mesa area for the light absorption and carrier generation,
and effective carrier collection across the whole diode area.
The F-I devices have contacts that obstruct the incoming light:
only one-fourth of the mesa area is useful, but all of it produces
noise. In addition, the diffusion of carriers to the contact may
be an issue for the ring contact in the F-I geometry.

Finally, we note that while n-InAs is a natural choice for a
thin contact layer on the n-GalnAsSb of a F-I device due to the
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low-energy conduction band of InAs compared to GalnAsSb
(A(CB)IHAS‘GMJ@ID(LZlAS().l«;Sb(l.m = —0.71 eV [11]), p-InAs on
p-GalnAsSb is not the ideal choice of a contact layer for a
B-I device, where the low (electron) energy valence band of
InAs compared to GaInAsSb (A (VB)1nas-Gag 7oIng 21 Aso19Sbos =
—0.41 eV[11]) could actually make the Schottky barrier at
the metal contact higher. For this study, however, a doped
InAs layer was used for both F-I and B-I devices to facilitate
comparison. In future, however, a p-GaSb contact layer would
be more ideal on the B-I structure.

In conclusion, we have shown GalnAsSb p—i—n detectors
lattice matched to GaSb substrates and under back-
illumination, a critical geometry for flip-chip focal plane
arrays, give equal or superior performance from 2.0 to
2.5 pum compared to similar front-illuminated GalnAsSb
p-i—n detectors.  The back-illuminated detectors show
larger quantum efficiency and a flatter response.  This
improved performance is attributed to an improved collection
efficiency and photon recycling due to reflection from the
back metal contact and reduced carrier recombination at
the substrate/active interface. We have also described a
method for the MBE deposition of high-quality lattice-
matched GalnAsSb alloy on the GaSb substrate using RHEED
intensity oscillations and post-growth XRD techniques.
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