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ABSTRACT

This study presents on the design, fabrication and characteristics of HgCdTe mid-wave infrared avalanche
photodiode (MWIR APD). The gain of 800 at - 8 V bias is measured in n*-v-p* detector array with pitch size of 30
um. The gain independent bandwidth of 6 MHz is achieved in the fabricated device. This paper also covers the status
of HgCdTe and III-V material based IR-APD technology. These APDs having high internal gain and bandwidth are
suitable for the detection of attenuated optical signals such as in the battle field conditions/long range imaging in
defence and space applications. It provides a combined solution for both detection and amplification if the detector
receives a very weak optical signal. HgCdTe based APDs provide high avalanche gain with low excess noise, high

quantum efficiency, low dark current and fast response time.
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1. INTRODUCTION

Detection of camouflaged and low temperature/emissivity
targets particularly at long range or in the battle field/humid
environments become a challenge. If the signal to noise ratio
is low, the post detector amplification is also not helpful.
Detection and amplification in the photo detector itself is one
of the main requirements in such cases. High gain with low
noise and wide bandwidth are vital for imaging applications.
Avalanche photodiodes perform the functions of detection and
amplification for the attenuated optical signals in the battle field
and long range applications, especially in space based thermal
imaging applications''*. APD provides high internal gain
and fast response time, which are needed to meet the system
requirements. This paper updates the development on HgCdTe
based APDs and also covers other III-V based IRAPDs.

Avalanche photodiode detectors are generally fabricated
using n*/n’(v)/p" structures as shown in Fig. 1. Electrons and
holes in the depletion region of an APD get accelerated under
the influence of a high electric field and gradually acquire
sufficient kinetic energy to impact ionize other electron-hole
pairs. These newly generated carriers also obtain enough
energy from the field in reverse bias and create another
electron-hole pairs. This process is known as avalanche
multiplication phenomenon. Electric field across the
depletion region separates the photo-generated e-h pairs and
thus contributing into the photo current. The n™ region starts
acting as a multiplication zone and the surrounding p* region
is known as the absorption. Internal photocurrent gain takes
place through impact ionisation. The multiplication region of
APD plays a crucial role to achieve high avalanche gain at low
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bias with low noise and high bandwidth'?. In general, APD
operates below the break down voltage of the semiconductor
and is known as the linear amplifier for the input optical signal,
whereas Geiger mode APD works at greater than of the break
down voltage. Geiger mode APD has been used to perform
photon detection application in the past. However, the recent
advances in low noise amplifier design and device fabrication
techniques for suppressing APD multiplication noise have led
to the development of a new generation of linear mode single
photon counting APD (linear SPAD)>®. The high dark current
and long dead times limit to the Geiger mode APD based
LADAR seekers for detection of the incoming signals. The
Linear APD has been more beneficial:

(1) To find the range information from more than one target

in a pixel’s instantancous field of view (FOV)

s

Distance

N+

Multiplication
region

N-(v)

— N

P (absorption region)

— Electric Field .
Figure 1. Schematic diagram of an avalanche photodiode
illustrating the multiplication process and the
absorption region. The electric field distribution is
shown in the various regions of the APD diode.
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(i) To detect the target behind debris with low false alarm
rate

(iii) Can employ thresholding technique to reject dark current
when they receive reflected signals, and

(iv) Enable to record the signal intensity that is beneficial to
increase in the efficiency®°.

In this paper, the significant results of HgCdTe and III-V
based APD detector achieved by the leading group are included.
The device performance of HgCdTe based APD is simulated
as a function of device geometry, material parameters, doping
profile, and bandgap profile. High gain and bandwidth, low
tunneling and generation-recombination current have been
measured. The salient results of our fabricated HgCdTe based
APD device are also included. The gain of 800 at -8 V has been
measured on HgCdTe based MWIR 320x256 detector array
with pitch size of 30 um. The bandwidth of 6 GHz is estimated
in the fabricated device and shows independent behaviour
with gain.

2. III-V MATERIAL BASED IRAPDS

APDs fabricated with Si, InGaAs/InP, InAs, InAlAs (0.3
pmto 1.1 pm), Ge (0.8 um to 1.6 pm), and InGaAs (0.9 pm to
1.7 um) show high excess noise at high gain values as both type
of carriers participate in the avalanche multiplication process.
In the II-V or IV type semiconductors, both electrons and
holes contribute in the impact ionisation process due to high
multiplication rate. Impact ionisation process is initiated at
high reverse bias in these materials. Evacuation rate of charge
carriers from the depletion region is also slow®!2. High excess
noise factor (F) is reported in Si and III-V based materials

due to the involvement of both type of carriers (electrons and
holes) in the multiplication process. Band width is achieved in
the range of 300 GHz - 400 GHz in III-V APDs!'*!. Several
groups are involved in the development of the advanced APD
detector for detection of ultraviolet (UV) light signals'#'.
AlGaN, having direct band gap, is also attractive material
for the fabrication of UV APDs'*". It provides a low gain at
high reverse bias and low responsivity as compared to other
materials'"'*. Ulmer reported GaN/AlGaN based UV APD (A_=
below 350 nm) with Q.E. ~ 70 % at 250 nm, responsivity ~ 100
mA/W at reverse bias of 20 V'*. Yan'®, et al. also demonstrated
4H-SiC based APD for visible band or near visible band
UV application with maximum photo responsivity 106 A/W
at 370 nm with high reverse bias ( > 80 V). Feasibility of
fabricating InAs, InSb, InAsSb or InAISb based APDs have
also been reported®*?. InAsSb material, having low bandgap
and high electron mobility, can be used in low power and high
frequency applications for long-wave and mid-wave infrared
regions®!. Abautret et al. reported InSb SAM APD with 1um
thick multiplication layer and doping of less than 1x10'
cm and achieved the gain ~ 10 at — 5 V and 77 K operating
temperature'?. Low-noise NIR linear mode APD can be used
in high-sensitive telecommunications receivers of optical fiber
systems and deep space mission®!°. Quantum dot based MWIR
APD has been demonstrated the peak conversion efficiency of
0.84 per cent and photo current of 0.36 nA at -2 V bias (at 77
K) by Ramirez?, et al. They also reported high excess noise
factor and shows dependent behaviour with the gain. Table 1
summarises the results reported by some groups working on
II1-V based APD devices.

Table 1. III-V material based reported APD: The salient features included such as gain, dark current, excess noise, device technology,
operating temperature, composition of material and applications
Group/ Material, composition (x)/cut-off Performance Application
Reference wavelength (1)

Boeing Spectro
Lab®

EPFL"

HRL*
Alcatel-Thales?
DECE, CHTM?
SAGEM,
SAFRAN"

Voxtel*?

Sheffield*

Sheffield*

French'?

InGaAs/ InP in Geiger mode, A = 1.55
pum

Si ; ultraviolet selective APD; (0.38 um)
InGaAs (near 1.5 pm)

AllnAs on InP substrate for 1.55 pm
Quantun Dot based (GaAs); A, = 3-5 um
InGaAs (1.5-1.6 um)

InGaAs/InAlAs for SWIR region ( 0.95-
1.3 pm)

(1) In0.53GaO.47AS/ GaASO.S 1 Sb0.49
Superlattice for 2.4pm wavelength

(i1) InAlAs material for 2.2 pym
wavelength

(1) Ge or Si material for 1.3 to 1.55 pm.

(i1) InGaAs on InP substrate for 1.55 pm.

(iii) SiC on 4H polytype.
InSb material for 5.2 ym

32 x 32 array; V, > 2 Volt; responsivity~ 100 A/W at
60 V; photon detection efficiency ~ 30%

Gain =50 in UV, and 20 in Visible/near IR ranges;
F~ 2.8 at gain of 20.

Gain=10; current =200 nA ; 60 micron diameter
mesa diodes

I . =17nA; F=3.5; Gain=10; Gain bandwidth

dark
product=140 GHz; Responsivity =0.95A/W
Conversion efficiency = 0.84%; photo current ~ 7.1
x101°Aat-2 V; F >>1

320x256 arrays; pixel pitch =20 pm - 30 um; Gain
<100; dark current <200 nA/ cm?; Q.E.~>70-80%

Gain =1000 achieved using linear mode region at
185 K operating temp

Dark current density ~ 5.5 mA/cm? at room temp.,
and 70 mA/cm?at 210 K. Gain = 30 at room temp;
F~ 2, but not close to unity like HgCdTe at gain of
20.

(1) low excess noise achieved rather Si, k value~0.02
and excess noise~2.3 at a gain of 20. (ii) k
value~0.1. Gain ~ 10 at 50 V reverse bias.

Gain~ 10 at V=-4.5V

Demonstration of 3D
imaging using LADAR
Selective detection for
UV radiation

Laser range finders/
detection of eye safe laser

Optical telecom-
munications

Active imaging in SWIR
band

High speed photon
counting

Optical communication
or SWIR active imaging
detectors

Telecommunication
application.
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3. II-VI MATERIAL BASED APDS

HgCdTe is suitable infrared detectors material for niche
strategic applications covering 1.3 um to 16 pm. Asymmetry
between effective mass of electron in the conduction band and
heavy hole results in the unequal ionisation coefficient for
electron and hole in HgCdTe material***. Electron mobility
is two orders of magnitude higher than holes in HgCdTe due
to their different scattering rates in HgCdTe. Therefore, the
electron penetrates deep into the conduction band prior to
interacting with optical phonon, whereas the hole does not
acquire sufficient energy. The ionisation threshold energy (E,)
for electron and hole is required as approximate equal the band
gap (~ E) and more than double of E, respectively. The ratio
of hole and electron ionisation coefficients is near zero i.e. only
electron participates in the impact ionisation process owing to
the band structure of HgCdTe. For the multiplication process,
the charge carriers gain energy from the electric field (¢) under
applied reverse bias and lose their energy by scattering (optical-
phonons, alloy) or other crystal defects before generating
electron-hole pairs. An optical phonon scattering decrease
the mean distance covered by the injected first electron and
increases the mean ionisation path-length which drops the
efficiency of the avalanche phenomenon. At low electric field
(e < E,), the energy achieved by the hot carrier would be lost
due to the scattering or impurities and defects. Therefore, hot
carrier is unable to initiate the multiplication process. On the
other hand, at high electric field, the hot carriers gain sufficient
energy (~E,) from the field faster than they lose it and make
possible to the impact ionisation process*?*'. In HgCdTe
material, low phonon scattering also results in the high gain
with low noise?”.

Hg, Cd Te has a favorable impact ionisation ratio (k = o,/
a,) for different compositions from x = 0.1 to x = 0.7, where
a, and a are the ionisation coefficient for hole and electron,
respectively. High avalanche gain with low noise is obtained
as impact ionisation process is initiated by one type of carriers,
electron injection for lower x-values (x < 0.6) or hole injection
for® 0.6 < x < 0.7. The composition dependence of ionisation
coefficient ratio in Hg, Cd Te is described as (a) when A > E,
composition x < 0.6, and 0 < k < 1; electron is dominant in
the multiplication process (A=spin-orbit splitting energy), (b)
when A< E ’ composition x > 0.7 and k >> 1; hole is dominant
in the multiplication process, (c) when A = E, (at resonance),
composition 0.6 < x < 0.7 and k~1; hole is dominant in the
multiplication process*?. The excess noise and bandwidth
(BW) of APD are determined by o, and o, in the multiplication
region, which are the characteristics of the material®.

HgCdTe APDs have been reported in planar and HDVIP
structures across the world by several groups including DRS
Technologies, CEA-LETI, BAE systems, etc.’>%. High
avalanche gain (~10%) at low reverse bias, low excess noise
factor (F~1), high gain bandwidth product (GBW) ~2.1 THz
and very short integration time~ 70 ps make HgCdTe APD to be
suitable for low optical signal and high speed applications*’*3. It
can be used in the active gated 2D or 3D mode for identification
oftargets®’. HgCdTe APD based imaging systems are also being
used for eye safe applications in LADAR/LIDAR system®*4,
HgCdTe has fundamental properties and favourable band

structure favorable to producing superb detectors for integration
in the next generation FPAs. HgCdTe based APD operates at
low reverse bias to achieve large internal gain with low excess
noise rather than III-V material based APD. Therefore, it is
generally preferred linear mode operation to detect the weak
signalg!-30-31,

3.1 Performance Parameters of an APD

A photo detector requires high internal gain with low
noise and high bandwidth for detection and amplification of
attenuated optical signals. A variety of environmental, electrical,
and radiometric parameters should be taken into account and
carefully controlled. Dark current and the excess noise should
be minimised to achieve better performance of APD’s*. High
performance of HgCdTe APD has been demonstrated due to
the development of advanced device structures and materials.

3.1.1 Excess Noise in the Multiplication Region

In APD, the excess noise is generated by the fluctuation
of the photon generated charge carrier. The shot noise (/) is
described as I, = (2 ¢ I M°F)'?; M = avalanche gain and =
excess noise factor. Figure 2 compiles the dependence of excess
noise factor (F) on Gain for different ionisation coefficient
ratios k£ = o,/a, in an avalanche photodiode, where electron is
dominant in multiplication process. The excess noise factor is
constant for £ = 0 i.e. for pure electron injection but varies with
gain®? for k> 0.

M -1

F(M)—M|:1+(l—k)[Mj2} (1)

When hole is dominant in the multiplication process, the
F varies with gain for low k-values but constant for £>50 i.e.
for pure hole injection?.

F(M)=M [l +(1k"][1‘4Ml” @)

70
H25 ‘A=1
60 |
=3
i 50 -
o -
5 40 k=35
S
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2
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o k=0.15
§ v
x 109  k=0.04
O' | | k=0
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Figure 2. The variation of excess noise factor (F) with gain for
different ionisation coefficient ratios k = a,/a, in the
APD. F is constant for k = 0 i.e. for pure electron
injection (electron is dominant in the multiplication
process).
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The excess noise in pure electron-injection HgCdTe
APD is lower as compared to that of pure hole —injection
APD because a, and a, are unequal®** for x < 0.6. Therefore,
HgCdTe e- APD is well suited for low incident flux and active
imaging applications from SWIR to LWIR windows.

3.1.2. Dark Current in HgCdTe e-APD

Diffusion, g-r, band to band tunnelling (BTB), and trap
assisted tunneling (TAT) currents limit the device performance.
But, main concern in e-APD is the minimisation of tunneling
current. The contribution of tunneling current affects the
device performance at high bias as compared to the diffusion
current from p-side of the junction. The doping in v-region is
also important because the multiplication process takes place
in this region once the electrons reach the multiplication region
from the p-region (absorber region). The doping concentration
of v-region is required to low (< 5 x 10" ¢cm™) for avoiding the
tunneling current contribution at higher bias. If dark current
contribution appears into the photocurrent, we can no longer
differentiate the avalanche phenomena from the tunneling
one***, Low generation recombination current is also seen in
the low bias regime in the APD. Figure 3 shows the dependence
of dark current as a function of reverse bias for various doping
concentration of v-region. The dark current density is simulated
using the following expression.

TAT current in a uniform electric field depends on the
density of the traps and the doping concentration (N)*.

J o :[10’13NtV/Eg] 3)

exp {-1.5x10°wm,"*E,” /[N(E, +V)]" } 4)

where N, is mid —band gap states, m,"= 0.07 E_(in eV)

In addition to these currents, BTB current arises due to
the electrons from the valence band to the conduction band at
high reverse bias*

Jyy =12x10°VIN(E, + V)] %)
eXp {-9.43x10"m, E " /[N(E, +V)]"*} (6)
a
10 T=77K

—
2
2

Simulated dark current (Amp)
=

40 -8 6 4 2 0
Reverse bias (V)

Figure 3. Simulation of dark current as a function of reverse
bias for various doping concentration of v-region in
MWIR e-APD.
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Figure 4. Simulation of gain using Shockley’s empirical model
for various v-region width in MWIR e-APDs.

3.1.3 Avalanche Gain

In HgCdTe APDs, only electron involve in the
multiplication process (a,= 0); here a, and a, are the electron
and hole ionisation coefficient, respectively. The avalanche
gain (M) is given for depletion width (w) and constant electric
field (E=V/w) as*"**:

M = exp[a(E)w], where a(E) = a E exp(-b/E)

Then,

M = exp{aVexp(—b%H (7)

The parameters a and b are defined as a = g/ Eop, b=E,/
gL, r=L/L,and Eup = optical phonon energy. The values are
calculated as a = 1.0741 V!, b =2.29 x10*V/cm in the present
study. These values can be adjusted as per device parameters.
The above expression is used to study the variation of the
gain on set as a function of depletion layer width in MWIR
e-APD at 80 K, but parameters a and b are close to independent
of depletion width and scaled with band gap. The values of
parameters are only applicable at low electric field. Figure
4 represents the simulated gain as a function of depletion
region width. The gain is reduced at constant reverse bias with
increasing of the multiplication region-width. Hence, larger
gain at low bias is obtained in narrow devices, which can be
advantageous if the APD can be used with Readout integrated
circuits (ROIC) in which the maximum bias can be limited.
But, the tunneling current might be contributed in those APD
having narrow depletion region****. Therefore, optimisation of
depletion width is very crucial in MWIR e-APD. In order to
achieve high gain for e-APD devices, initially the depletion
width is small nearly 1.1 um and corresponds to maximum
electric field ~ 4-5 kV/cm. The multiplication process is started
at low reverse bias. The resultant gain increases exponentially
with the reverse bias in our fabricated APD device®-*.

3.2 Development of HgCdTe based APD Device
Technology
In the early stages, HgCdTe APDs were developed in the
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Figure 5. Measured dark current, photo current and avalanche
gain versus reverse bias for HgCdTe MWIR e-APD
at 80 K.

SWIR region for telecommunication applications****. Shin*,
et al. reported the gain ~ 15 at -80 V bias in planar HgCdTe/
CdTe APD (A, =1.22 um). Planar implanted n-on-p photodiode
with a gain ~ 5 at -10 V bias and bandwidth ~ 650 MHz were
achieved by Alabedra®3*, et al. They demonstrated planar
p-i-n Hg, . .Cd,,, Te SWIR APD using electron/hole -injection
multiplication processes and reported that (i) electron-injection
based APD at low reverse bias provides low excess noise factor
as compared to hole injection- APD*. Hall*', et al. also reported
same results. Impact ionisation in LWIR APD device was first
reported by Elliott™, et al., followed by Vaidyanathan®, et al.
reported gain of about 100 (at 3.5 V bias, 77 K) in n"-n-p planar
LWIR e-APD. They have also reported that impact ionisation
process was initiated only by electrons. Several groups have
been demonstrated that hole-initiated APD devices are suitable
for optical fiber transmission systems?!-4,

Beck?*, et al. pioneered the electron—initiated impact
ionisation process in MWIR HgCdTe p-around-n HDVIP
photodiode at 77 K temperature and reported the avalanche gain
of 50 at normal reverse bias with low excess noise. The gain
was uniform from element to element in an array. Kinch?, et
al. pioneered a theory, based on the band structure of HgCdTe,
for explaining the unequal ionisation process of electron and
hole in the avalanche phenomenon. Finally, it is concluded that
electron-injection multiplication process is more favorable from
SWIR to LWIR APD for achieving high gain at low reverse
bias with low noise. Beck**!, et al. have developed MWIR
HgCdTe cylindrical p-around-n e-APD with gain~ 1000 and
very low gain normalised dark current density (< 0.7 nA/cm?).
However, they reported that the planar APD structure provides
fill factor~ 100 % and the collection efficiency > 90%, whereas
HDVIP diode has advantage to yields low dark current, high
quantum efficiency and high operability.

Reine®, et al. have reported back- illuminated 4 x 4 array
of planar MWIR n-on-p e-APDs on LPE grown HgCdTe with
acceptor concentration of 2x10'¢ cm™. Uniform avalanche gain
of 650 with low noise has been shown at -12 V and 160 K
temperature.

Rothman'!, ez al. at CEA/LETI have improved the gain to

5300 (-12.5 V) in planar p-i-n MWIR e-APD (A = 5.0 um, 77
K) with pixel pitch of 30 um. They have reported lower dark
current, noise factor of 1.0-1.3, and shot noise equivalent input
current (I, ) =2.0 x 103 Ato 1.0 x 10> A under 12 V reverse
bias. Perrais*#, et al. have demonstrated gain of 2800 (-12'V,
77K, 5.3 um), RC time constant limited bandwidth ~ 400 MHZ
and the GBW = 2.1THz in front-illuminated HgCdTe MWIR
e-APD*¥, They are first to measure the impulse response time
for front side illuminated n-on-p MWIR HgCdTe e-APD at 77
K with A =1.55 pm laser pulse*’. The response time is recorded
as the rise time of't, ,,= 88 ps and a fall time of t,, = 2.4 ns.
Bandwidth is calculated from the relation, BW = 2.2/2mresp0me.
Rothman®+%2, et al. of the same group have observed the gain
of 600 with excess noise factor (F) =1.2 in short wave e-APD
(A= 2.9 pm, x ;= 0.4) at 80 K operating temperature. They
have measured gain of 200 with F < 1.3 and dark current = 6.2
uA/cm? with A = < 2.8 um at 300 K operating temperature.
The performance of FPA is enough to enable high sensitivity
single element LIDAR application and time of flight imaging*.
The highest gain for HgCdTe based MWIR e-APD has been
reported above 10*at 13.8 V reverse bias by Kerlain®, et al.
of the same group. They have demonstrated MWIR APD FPA
with 384x288 format and 15 pum pitch for passive amplified
and active laser assisted imaging. The performance of FPA
has been measured with photon flux at f/2 apertures using
black body temperature ranging from 20 °C to 30 °C*. Gain
operability for best devices achieved 99.74 % at 7 V reverse
bias corresponding to gain®* of 55. A record avalanche gain
of 13,000 has been observed on some diodes of APD devices.
Borniol”’, et al. developed an e-APD 320 x 256 FPA with 30
um pixel pitch (A, = 4.6 um, operating temp. at 80 K) for active
2D and 3D imaging. The 3D image has been obtained using
the LADAR system about 45 meter distance away from the
target in which the laser pulse energy is taken about 8 mJ per
pulse during 8 ns. The gain of 23 at - 6 V is reported with a
laser pulse return energy equivalent to 4300 photoelectrons per
pixel.

Mallick®”!, et al. have demonstrated HgCdTe-based
MWIR p-i-n APD on Si substrate. They achieved gain of 1250 at
-10 Vand 410 at-4 V for p*-n-n" and p*-n APDs, respectively
with excess noise factor ~ 1-1.2. The R A of 3 x 10° Q-cm?
and 9 x 10° Q-cm? are reported at 77 K temperature in these
devices¥. Asbrock’, et al. have demonstrated HgCdTe APD
on 4 x 4 arrays with 40 um pitch and sensor chip assemblies
for scanning and starring LADAR systems. The gain above 60
and bandwidth of 1 GHz at 180 K has been reported. Linear
mode photon counting has advantages like determination of
intensity as well as time of interval and discrimination between
optical signals. Therefore, linear operation of APD is utilised
in the sensor applications which require low internal gain®
4546 Some salient features including the device architecture,
fabrication technology, impulse response time, dark current
and avalanche gain are shown in Table 2.

3.3 Fabrication and Characteristics of HgCdTe
based MWIR e-APD
Vacancy doped p-type Hg, Cd Te epilayer grown on
(111)B CdZnTe substrate with composition x = 0.30, carrier
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Table 2. Gain, noise, bandwidth, operating temperature, pitch size, and impulse response time, device architecture, material
parameters, and fabrication technology covering reported results on planar, cylindrical HDVIP and mesa HgCdTe based
avalanche photodiodes

Group Composition Device architecture Device Performance
(x)/cut-off geometry
wavelength (A )
French group®-3* x=0.44, p-n-n* junction or planar Diameter of BW =1000 MHz at M = 5, Dark Current at

A, =1.61t0 2.5 um

junction; n- layer is formed by
aluminum ion-implantation with
(10" cm; 250 KeV), p-type
substrate with doping of 10" cm™

Sofradir/ CEA- A =5.0 pm p-i-n junction formed and

LETI! e-APD; p-type layer with
doping~3 x10'® cm?; n' region
with doping level of 10" cm,
grown by MBE/LPE.

Sofradir/ x=0.3;21,=5.0 p-i-n junction e-APD; doping in

CEA-LETP*#4  pm-5.3 um p layer : 3 x 10" cm™ ; epitaxial
grown by MBE and LPE

Sofradir/ A, =2um t02.9 p-i-n junction e-APD; doping

CEA-LETP*%  nm (SWIR) in p layer :1-3 x 10! cm™ ;
epitaxial grown by MBE/LPE

Sofradir/ CEA- A =5.2 pm p-i-n junction; e-APD; doping in

LETI* and 4.6 um p layer:3 x 10'® cm™; doping of
n' region: 1 X 108 cm™; epitaxial
grown by MBE and LPE

EPIR and Univ. A=4.9 um p-n-n" APD, Epilayer grown

of Illinois*”!

BAE system?®®

A=3.54 um, 4.06
um and 4.23 pm

on Si substrate grown by MBE;

planar n-on-p e-APD; epitaxial
grown by LPE; doping in p-layer
is 2 x 10" cm?

Raytheon vision A =1.55 pm Epitaxial wafers grown by both

system®* LPE and MBE techniques

EPIR Technol.® A =4.6 um HDVIP diode HDVIP e-APD ;
p-around-n front side-
illuminated n*/n”/p geometry,
epilayer grown by MBE

DRS Infrared A, =43/51pum HDVIP e-APD; p-around-n

Technol 304961 front side- illuminated n"/n/p
geometry, doping in n" region:
4-5 x10"cm?.

SELEX Galileo A =2.64 um Cylindrical p-around-n loophole

(UK.) and (SWIR) HDVIP diode

European

Southern Lab.

(Germay)>-3¢

active area
=30 um

Pitch size = 30
pm

Pitch size: 15
um, and 30 pm;

320 x 240, pixel
pitch: 30 pm;
384 x 288, pixel
pitch:15 pm

384 x 288
MWIR APD
FPA; 15um pitch
size, operating
temp~ 80 K

400 um x 400
um diode area;

4x4 array
with unit cell
250%250 pm?;

16x2, 32x1,
10x10 for linear
array; diameter
of diodes having
50 to 300 pum;

640x480 array,
12 pm pitch

128 x 128 array;
Pixel pitch: 40
pm;

320 x 256 array,
Pixel pitch: 24
pm

-10 V =2 pA; Sensitivity at 1.3 pm to 2.5
um » 0.2A/W; Capacitance (at —10 V) < 1pF ;
Quantum - efficiency (Q. E.) = 50-60%

Gain M= 5300; F=1.0-1.3; Icqrin: 2x103 A to
1x10"2A ; GBW = 723 GHz with maximum
gain 5000 at 77 K; rise time  t . = 88 ps and

; 1090
fall time t,, | = 2.4 ns:

Gain ~ 5000 at -12 V; F: 1-1.5; first
measurement of impulse response time; BW =
600 MHz; GBW=2.1THz at gain of 2800;

Gain~ 200; F< 1.3 even at room temp.;
operability in FPA >99.5%; Q.E. > 50 %;
dark current density~ 6.2 pA/cm? at 200 K;
response time measurements using 1.55 um
laser pulse

Highest Gain achieved ~ 13,000 at -13.8; F
value less than 1.4; operability~ 99.7%; Image
demonstrated by HgCdTe based FPA with 1 us
integration time and gain of 30.

R A~ 3 x 109 Gain ~ 1250 at reverse bias -10
V; F=1 to 1.2, operating temp. = 77 K;

BW = 500 MHz; Gain measured up to 700;
Q.E. >90%; gain normalized dark current

< 1pA; gain was measured at different
temperature and various diode area

Band width =100 MHz Gain >20 for single
APD:; gain >10 for linear arrays; NEP < 2nW;
high fill factor (>80%); low crosstalk (2%); I
=<10nA; rise time < 10ns

dark

Electrical signal response~ 15 mV/ and
NEDT~ 24-27 mK; operability> 99%;
operating temp at 77 K and 120 K, value of
noise: 0.381 to 0.41

Gain: >1000 with value of F~ 1.3; gain
normalized dark current : < 1 nA/cm?;
measureable input noise equivalent photon
(NEPh) ~ 0.4 photons; BW~ 100 MHz

Gain ~ 7.5 at -7.2 V; dark current ~ negligible
with integration time of 40 ms; 2D and 3D
images demonstrated using 1.5 um laser pulse.

concentration 2x10' ¢cm? are used for fabrication of planar
n'/v/p" HgCdTe e-APD. Back side illuminated APD detector
arrays are fabricated in 320x256 matrix at 30 pm x 30 um pitch
using photolithography, mesa isolation of diodes, passivation,
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metallisation, and further indium bump deposition. Two layer
passivation of ZnS/CdTe is deposited after mesa isolation
of diodes. 1000 A CdTe passivation layer capped by 2500A
of ZnS is deposited after wet etching of the front surface of
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HgCdTe epilayers. Inter-diffusion process is used for optimum
interface charge density at the CdTe passivation-HgCdTe
interface. ZnS/YF, double layer anti-reflection coating is
deposited after polishing of CdZnTe substrate. The device is
fabricated by boron-ion implantation with a dose of 5x10'
ions cm? at 180 keV followed by 5 x 10 ions cm™ at 80 keV
to form junction on p-HgCdTe epilayers. A three step process
of ion implantation, post implantation annealing in inert
environment and second implantation is required to tailor the
doping profile in the form of n*/v/p* configuration. Implantation
and post implantation annealing are used to form a v-region
with optimum width and low N -N doping by redistributing
the donors. Metal layers are deposited for the formation of p-
and n-contacts. Differential Hall measurements are revealed a
thinner n* layer layer on top having N -N, ~ 1x10"cm?, ~1.1
um  v-region with (N -N,) ~ 4x10'* ¢cm?, and p* layer with
N,-N, ~2x10' cm™.

The devices are exposed to the 300 K background during
the dark current and the dark plus photocurrent versus voltage
were measurement at 80 K. Figure 5 shows the dark current
and dark plus photo current as a function of reverse bias.
Therefore, gain is determined from the I-V measurements under
illumination condition. The avalanche gain M is calculated by
normalizing the photo current for MWIR APD at 80 K and is
given as**,

Iilluminaled (V)_Idark (V)
L S— (V = O)_ L juri (V = 0)
The multiplication gain of n*-v-p* typical diode under
reverse bias is shown in the Figure 6. High gain ~ 800 has been
achieved for moderate reverse bias of -8 V. Exponential gain-
voltage curve and low excess noise factor even at multiplication
gain up to 800 at -8 V is a promising result.

M:

(®)

7x10°
A BW
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Figure 6. Calculated bandwidth as a function of measured gain.
Bandwidth shows independent behavior with gain.

Figure 6 shows the estimated bandwidth versus gain for
4.8 um cutoff e-APD. Band width is independent of gain in
the fabricated MWIR e-APD. The BW is limited by the transit
time in the figure. At gain up to 800, the bandwidth > 6 GHz
is sufficient for application in high speed free-space optical
communication systems. High gain at low bias with GBW~ THz
has been achieved with a low excess noise in HgCdTe MWIR
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Figure 7. Estimation of response time and bandwidth versus
applied reverse bias for n*-v-p* HgCdTe e-APD.

e- APDs!'¥. The simulated response time is shown in the Fig.
7. The response time is calculated using one dimensional model
taking into account the gain, drift velocity of the electron,
position of infrared light injection in the junction and RC time
constant. Estimated response time is determined in the range of
0.5 ps corresponds to gain bandwidth product of THz regime.

3.4 Applications

APD provides a combination of fast response time, high
sensitivity and high quantum efficiency. These are widely
used in high speed and space applications. HgCdTe APD is
an attractive choice for many IR applications such as LIDAR/
LADAR, defence, night vision, optical communications &
atmospheric studies®!*4¢, HgCdTe based SWIR APDs can
be used as sensor in the LADAR system or 3-D imaging
applications*- 476,

CEA-LETI has been involved in the development of
HgCdTe based e-APD focal plane array for Passive (thermal
imaging) and active (2D/3D flash LADAR imaging) imaging
since last a few years. They have developed a new prototype
of flash LADAR dedicated 320 x 256 MWIR APD FPA with
30 um pixel pitch operating at 80 K. The 2D and 3D active
images have been demonstrated using the LADAR system.
This demonstration is big achievement in the direction of space
application using APD based 3D flash LADAR receiver.

Fast response time is required in laser range finder
applications. For accurate determination of target range, the
FPA must allow high speed counting by amplification of the
returned laser pulse with a good signal to noise ratio. HgCdTe
APDs is also suitable candidate in high-speed quantum
computing applications.

4. CONCLUSIONS

We have measured the gain of 800 at - 8 V bias and
BW~ 6 GHz at 77 K in the fabricated HgCdTe based MWIR
e-APD device. The estimated BW is independent of gain and
hence can provide faster response time for thermal imaging
application at long range condition. HgCdTe based e-APDs
offer high gain (~ 10*) and BW (~ THz) with low excess noise
at low reverse bias. HgCdTe based e-APD devices provide low
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dark current, higher quantum efficiency and high operability
in a large array format. These characteristics are beneficial for
thermal imaging application in low flux conditions. APDs can
operate with lower light levels and shorter laser pulses thus
making more eye safe in the laser range finder applications.
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