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A combined study of the avalanche gain characteristics of HgCdTe electron-
avalanche photodiodes (e-APDs) and of the minority electron properties in the
p-type absorber using Shockley–Haynes (SH) measurements is presented for
various Cd compositions xCd. Ideal gain performance associated with a low
excess noise factor F = 1.2 have been measured at T = 80 K down to cutoff
wavelengths of kc = 2.9 lm. The observation of both a record high, exponen-
tially increasing gain of M = 600 in short-wave e-APDs and a low excess noise
factor proved that the exclusive electron multiplication is stable down to
xCd = 0.4. Zero-flux measurements at 80 K confirmed that the dark current
tends to decrease at constant gain as xCd increases. Measurements using a
readout integrated circuit allowed us to establish a new record in sensitivity
for APDs: Ieq_in = 2 aA, corresponding to 12 e/s at gain of M = 24 in an e-APD
with kc = 2.9 lm. SH measurements enabled direct estimation of the electron
diffusion coefficient, drift velocity, and lifetime in the p-type absorber of the
e-APDs as a function of electric field at temperatures between 80 K and 200 K.
Measurements at 80 K yielded lifetimes consistent with the values expected
for the nominal doping of the samples. The low-field electron drift mobility,
estimated from the drift velocity, was found to be a factor of 0.4 to 0.5 lower
than the mobility in n-type material with the same composition. In mid-wave
(MW) infrared samples with kc = 5.3 lm, the mobility was observed to
be lep = 15 kcm2/Vs to 20 kcm2/Vs, being less than len � 40 kcm2/Vs to
50 kcm2/Vs. The reduction in mobility can, in part, be attributed to scattering
by ionized acceptors and heavy holes. The diffusion mobility, estimated from
the diffusion coefficient, was systematically higher than the drift mobility,
indicating diffusion of hot electrons with a temperature higher than that of the
lattice. The saturation velocity, vsat_ep = 2 9 106 cm/s to 6 9 106 cm/s, did not
correlate with the Cd composition in the samples. The measured saturation
velocities made it possible to estimate the timing jitter in p-type absorbers
with a built-in electric field. Jitter below 100 ps was estimated for SW and MW
APDs with absorbing layer thicknesses up to 4 lm.
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INTRODUCTION

The performance of HgCdTe electron-avalanche
photodiodes (e-APDs) is strongly correlated with the
Cd composition of the absorption and multiplication
regions.1–3 At constant reverse bias and tempera-
ture, an increase in xCd will induce a reduced gain
and dark current. Hence, for some applications
requiring high operating temperature and/or low
dark current, performance can be optimized by
increasing xCd. On the other hand, the increased
effective mass of electrons in high-xCd materials
might reduce the response time, and good knowl-
edge of the minority-carrier properties is crucial to
optimize the global performance of e-APDs. In par-
ticular, the response time in HgCdTe e-APDs with a
p-type absorbing layer is determined by the drift
velocity and diffusion constant of the minority
electrons. The principal steps of carrier collection in
a p–n junction are illustrated in Fig. 1. After a
photogeneration event, the diode current can only
be generated after the carrier has reached the
depletion layer. This first step, illustrated in
Fig. 1a, is either determined by diffusion, when the
p-type absorber is homogenous in doping and Cd
composition, or by drift, if a doping or compositional
gradient is present in the structure. In the next
step, carriers transit the depletion layer and gen-
erate a reverse diode current due to the change of
potential across the depletion layer. If the series
resistance and capacitance of the junction are low,
the output current in this regime is directly related
to the junction transit time. The transit time in the
p-type absorbing layer yields a stochastic contribu-
tion to the onset of the current out of the diode. For
a single photon impinging on the detector, collection
will result in a temporal probability distribution,
i.e., a stochastic jitter, which limits the temporal
resolution of photon arrival. If a large number of
photons are collected at the same instant in time,
the response time will be given by the temporal
collection probability convoluted with the response
time of the second step of the carrier collection in
the diode, illustrated in Fig. 1b, which is limited by
the depletion layer transit time and the RC constant
of the diode. The minimization of the timing jitter is
fundamental for most photon-counting applications,
for example, to determine the second-order corre-
lation function in quantum optics and for range
resolution in laser active imaging.

Recently, we have reported two studies of the
impulse response time in HgCdTe e-APDs. In a
first publication,4 we reported the variation of the
impulse response time as a function of the ava-
lanche gain in photodiodes in which the collection in
the p-type absorber was diffusion limited. In that
publication, we showed that both the rise time and
fall time of the photodiodes were nearly indepen-
dent of the avalanche gain, for gains up to
M = 3000. The gain independence of the bandwidth
(BW) is due to the exclusive impact ionization of the
electrons and resulted in a record high gain–band-
width (GBW) product for APDs of 1.1 THz. In the
second communication,5 carrier collection was sup-
pressed by localizing the carrier generation in the
depletion layer. This enabled estimation of the
electron and hole drift and saturation velocities in
the n-type depletion layer as functions of the electric
field. We also established an even higher gain–
bandwidth product of GBW = 2.1 THz. In addition,
the measured saturation velocities were used to
estimate an ultimate response time of less than
50 ps at gains M > 1000, corresponding to GBW
values exceeding 16 THz.

Herein, we present a study of the avalanche gain
characteristics of e-APDs for various xCd, correlated
with Shockley–Haynes (SH) measurements6 of the
minority electron properties in the p-type absorber:
the drift velocity, diffusion constant, and lifetime as
functions of the applied electric field. SH measure-
ments have only been realized once in HgCdTe
material.7 Those authors reported SH measure-
ments in n-type HgCdTe, done by probing the
minority hole velocity using the change of photo-
conductivity between two closely separated ohmic
contacts. These experiments were limited by the
finite probe size and low sensitivity due to the small
photoconductive signal. The latter implies that one
should work with low-doped samples and high
injection rates. The mobility of minority electrons in
p-type xCd = 0.29 material with a doping level of
Na = 1 9 1016/cm3 has been characterized by mea-
suring the carrier sweepout between two ohmic
contacts.8 These measurements showed reduced
mobility compared with n-doped material:
lpe = 28 kcm2/Vs, being less than lne = 40 kcm2/Vs
to 50 kcm2/Vs. These authors used the separation of
the contacts to estimate the electron velocity, which
eliminated the limitations due to the finite size of

Fig. 1. Carrier collection in a pin-type APD.
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the probe. However, the sensitivity was still limited
by the use of a photoconductive probe. In the pres-
ent measurements, the sensitivity of the SH setup
has been enhanced using an e-APD to sense the
minority-carrier concentration. The small size, high
sensitivity, and fast response of the e-APDs allowed
us to realize the first direct characterization of
the minority electron drift velocity and diffusion
constant in p-type HgCdTe as functions of electric
field.

In the next section, we present the sample prep-
aration and experimental procedures used for both
the gain and the SH measurements. In the sub-
sequent sections, we report the gain characteristics
of HgCdTe e-APDs at T = 80 K for a wide range of
xCd = 0.3 to 0.4 and the results of the SH measure-
ments for intrinsic and extrinsic p-type doped
HgCdTe with xCd = 0.3 to 0.4, with cutoff wave-
lengths in the mid-wave (MW) and short-wave (SW)
infrared spectral ranges, respectively. In the con-
cluding section we summarize the results and dis-
cuss their implication for high-sensitivity imaging
and photon counting.

EXPERIMENTAL PROCEDURES

Sample Preparation

The e-APDs used in the present study were based
on our standard planar technology realized with
both liquid-phase and molecular-beam epitaxial
grown samples, as described in our previous
works.3,9,10 The APD studied here had a small N+

diameter of about 4 lm, and the extension of the
depletion layer was about 1 lm. The SH samples
were realized on the same wafers as the e-APDs,
which allowed us to associate the minority-carrier
properties with the gain performance in functional
APDs. All the intrinsic mercury vacancy (VHg) doped
samples were prepared using the same annealing
conditions, giving nominal doping of Na = 3 9
1016/cm3 at xCd = 0.3. For this anneal, the nominal
doping value decreases with increasing Cd composi-
tion, down to approximately 1 9 1016/cm3 at
xCd = 0.4. In what we term the extrinsic p-type sam-
ple, the VHg doping has been partially replaced by an
acceptor-like impurity which reduces the density of
VHg and the associated Shockley–Read–Hall (SRH)
centers for constant doping level, which induces both
higher lifetime and lower dark current.11

Gain Characteristics Measurements

Gain measurements were performed on backside-
illuminated test arrays, In-bump hybridized onto an
interconnection network. The gain was estimated as
the ratio of the bias-dependent current, I(V), to the
zero-bias current Icc, measured with a photon flux at
a focal ratio of f/2. In these measurements, multi-
plication gain was distinguished from dark-current
contributions as the flux-dependent component of
the I(V) curves.

The excess noise factor was estimated by mea-
surement of the current noise spectral density, in(V)
of an amplified shot-noise-limited photocurrent Icc:

F ¼ i2
n Vð Þ

M22qIcc
; (1)

where M is the multiplication gain and q is the
elementary charge. The sensitivity of the APDs was
estimated from the dark current, Idark, and dark-
current noise measurements, idark, at zero field of
view (FOV = 0�). As the dark current at high bias is
mainly generated inside the depletion layer and is
subject to lower gain than the dark current, we
measured the sensitivity by a shot-noise-limited
equivalent input current which is fully amplified
and yields the measured current noise at zero flux,
idark:

Ieq in ¼
i2
dark

2qM2F
� i2

dark

2qM2
: (2)

Due to the low dark current in the e-APDs, this
approach can, however, only be applied at high
gains. To estimate Ieq_in at low gain, we used a
readout integrated circuit (ROIC) designed for dual-
mode passive and active imaging. The details of the
design of the ROIC are reported in Refs. 12 and 13.
In this case, Ieq_in = qNeq_in was estimated from
root-mean-square (rms) voltage noise measure-
ments, vrms at zero flux, with long integration times
in the range of tint = 1 ms to 2 s and using an inte-
gration capacitance C:

Neq in ¼
vrmsC
qM

� �2

tint
: (3)

SH Measurements

The SH structure used in the experiment is
illustrated schematically in Fig. 2. An initial local-
ized minority electron distribution is generated in
the p-type material using a short laser pulse with
full-width at half-maximum (FWHM) duration of
35 ps. The localization of the minority carrier is

Fig. 2. Schematic illustration of the SH experiment.
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controlled by a metallic shield with injection holes
patterned at fixed distances from the minority-
carrier probe. The drift in the structure is generated
by applying an electric field between two contacts.
The minority-carrier concentration is probed and
preamplified using a HgCdTe e-APD, biased with
a bias-T. The fast current variation caused by
the excess carrier distribution sweeping by in
proximity to the APD is further amplified using
a radiofrequency (RF) amplifier with a BW of
2.5 GHz, before being recorded using a sampling
oscilloscope (Lecroy) with a BW of 20 GHz. The
instant of injection was determined by directly
illuminating the e-APD with the laser pulse. In this
setup, the pulse width resolution was limited by the
RF amplifier to about FWHM = 150 ps, which limits
the precision of the estimation of the diffusion
coefficient at high electric fields and high drift
velocities.

The dynamics of the minority electrons after
injection is determined by the carrier drift–diffusion
equations. In the case of a low level of injected
carriers, the drift velocity, vdrift, diffusion coeffi-
cient, D, and lifetime, s, are dominated solely by the
properties of the minority carrier, and the dynamics
can be described by the drift–diffusion equation6,7:

@n

@t
�Dr2nþ vdrift � rnþ n

s
¼ g r; tð Þ; (4)

where g(r,t) is the generation term, which repre-
sents the spatial distribution of the initial laser
pulse generated at t = 0 s. Supposing that the ver-
tical diffusion can be neglected and that the carrier
generation is roughly Gaussian, the drift-diffused
minority carrier probed at a distance x from the
carrier injection will be described by the following
expression7:

nðx; tÞ ¼ a

2Dtþr2
laser

exp � x� vdrifttð Þ2

2 2Dtþr2
laser

� �
 !

exp �t

s

� �
;

(5)

where rlaser is the standard deviation of the spatial
distribution of the photogenerated carriers at t = 0.
The expression (5) was used to estimate vdrift, dif-
fusion coefficient, D, and lifetime, s, by applying a
least-squares fit to the experimental data measured
for electric fields varying between E = 10 V/cm and
1500 V/cm and for temperatures between 80 K and
200 K. At high and intermediate electric fields, the
carriers will sweep by the e-APD after times shorter
than the electron lifetime. Hence, these measure-
ments are fairly independent of the lifetime. Con-
versely, at low electric fields, the lifetime will
strongly influence collection of the carriers. This
behavior was used to reduce the number of param-
eters and fit the data in a three-step procedure. In
the first step, the data were fitted at high and
intermediate electric field with adjustable values of
D and vdrift, but with fixed lifetime, set to a value

close to that expected for the nominal doping of the
absorption layer. The average mobility was then
extracted from the slope of the variation of vdrift as a
function of E. The estimated mobility was then used
in the second step to calculate the drift velocity at
low electric fields, which was fixed to obtain an
estimate of the lifetime. In the last step, the esti-
mated lifetime was fixed to refit the data at high and
intermediate electric fields. For all of the steps, we
used a fixed rlaser = 2 lm, which gave the best fit to
the data for injection holes with nominal diameter of
10 lm.

Hg12xCdxTe e-APD PERFORMANCE
FOR XCd = 0.3 TO 0.4

Typical gain curves measured at T = 80 K for
e-APDs with xCd ranging from xCd = 0.3 to xCd = 0.4
and similar junction geometry are reported in
Fig. 3. As the cadmium composition increases, the
gain at a given reverse bias decreases due to the
increase in bandgap. An exponentially increasing
gain is observed for all compositions up to gains
higher than M = 100, showing that the exclusive
electron multiplication is stable at high gains even
in short-wavelength devices. For the diode with the
shortest cutoff wavelength, kc = 2.9 lm, gains up to
M = 600 were obtained at a reverse bias of
Vbias = 20 V. To the best of our knowledge, this is
the highest gain value that has been measured in
SW HgCdTe e-APDs.

The variation of the gain as a function of bandgap
was quantified using Beck’s phenomenological
formula2:

M ¼ 2
V�Vth

Vd þ 1; (6)

where Vth is a threshold voltage which corresponds
to the potential across the junction which is
needed to generate a first multiplication event. Vd is
the additional voltage needed to initiate another

Fig. 3. HgCdTe e-APD gain curves measured at T = 80 K for
kc = 2.9 lm to 5.3 lm.
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multiplication event and hence to double the value
of the gain. The voltage dependence of the gain has
been quantified by fitting the Beck formula at
intermediate gain values M = 30 to 50. The esti-
mated values of Vth and Vd, normalized by the
bandgap, are reported as a function of the bandgap
in Fig. 4. It can be seen that Vd is fairly independent
of the Cd composition, but Vth increases strongly.
This behavior can be correlated with the increase in
effective mass at higher xCd, which modifies the
scattering mechanisms of the electrons. It should,
however, be emphasized that the increase in Vth

could also be caused by a change in junction geom-
etry; an increase in the depletion layer width has
been found to be correlated with an increase in Vth

at constant xCd.9

The exclusive electron multiplication is corrobo-
rated by the low excess noise factor down to the
shortest examined wavelengths. This is illustrated
in Fig. 5, in which the noise current spectral density
is plotted for reverse biases of 0.1 V, 5 V, 10 V, 15 V,
and 20 V, corresponding to gains of M = 1, 2, 10, 60,
and 600, respectively. The noise spectrum at each
bias is compared with the expected shot-noise-
limited signal in the case F = 1. It can be seen that
an excess noise factor close to unity is obtained at all
biases. The typical average value between f = 10 Hz
and 30 Hz is F = 1.2, which is similar to the values
obtained for longer-wavelength devices.1–3,9,10

The sensitivity of the e-APDs is best determined
from zero-flux measurements in which the detected
charges are not generated by photons. In MW
e-APDs, it is possible to estimate Ieq_in from mea-
surements with residual photon flux by subtracting
the short-circuit current Icc.

12 In the present SW
e-APDs, the residual photon contribution is lower
than Icc <10 fA and cannot be correctly estimated
due to shunt resistances in the experimental setup.
At present, only a kc = 2.9 lm e-APD test array has

been characterized in a zero-flux open-cycle He flow
cryostat. The median dark current was, however, so
low that Ieq_in could only be measured at reverse
bias Vb ‡ 19 V (M ‡ 380). At M = 380 we measured
Ieq_in = 1.5 fA. This value is compared with earlier
reported values,12 measured at M = 100 and
T = 80 K in MW e-APDs, in Fig. 6. It can be seen
that Ieq_in in the SW e-APD is slightly higher than
the trend line extrapolated from the MW e-APD
values. The higher Ieq_in could be related to the
higher gain, which tends to increase the dark
current.

Zero-flux measurements have also been realized
at lower gain using high-sensitivity e-APD focal-
plane arrays (FPAs). The median values of Ieq_in

measured on e-APD FPAs at low gain, M = 6 to 24,
in MW and SW e-APDs are compared with the
high-gain test array results in Fig. 6. In the MW
e-APD, Ieq_in decreases by more than one order of
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Fig. 4. Energy-gap dependence of the phenomenological gain
parameters Vd and Vth estimated at T = 80 K at gains between
M = 10 and 100.

Fig. 5. Evolution of the current noise spectral density as a function of
the gain in a kc = 2.9 lm HgCdTe e-APD at T = 80 K.
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magnitude when the gain is reduced from M = 100
to M = 10, yielding Ieq_in(M = 10) = 10 fA. In a kc =
3.3 lm e-APD FPA, the median equivalent dark
current at M = 6 was higher than the MW e-APD
trend line, being Ieq_in = 96 aA. However, at
kc = 2.9 lm at M = 24, the equivalent dark current
was only Ieq_in = 2 aA. This value corresponds to 12
electrons per second and is below the M = 100 trend
line. This is the lowest dark current reported so far
in any type of APD. This result shows that HgCdTe
e-APDs can be used for ultralow-flux applications,
such as wavefront correction and fringe tracking in
astronomy.

Finally, despite the dispersion in sensitivity
observed in Fig. 6, the M = 100 trend line seems to
give a rough estimation of the dark current of the
e-APDs down to cutoff wavelengths kc < 3.0 lm.

SH MEASUREMENTS IN P-TYPE HgCdTe

Figure 7 presents the temporal variation of the
e-APD signal at four different electric fields, mea-
sured in a VHg-doped p-type HgCdTe absorption
layer with kc = 5.3 lm at T = 80 K. As the electric
field increases, the carriers arrive earlier at the
e-APD and the amplitude increases due to reduced
recombination- and diffusion-induced pulse width.
Figure 8 reports the measured signal at low electric
field of E = 10.1 V/cm. At this low field, the signal is
highly asymmetric due to the combined effect of
carrier diffusion and carrier recombination. The
experimental curve is compared with a least-
squares fit of the data of expression (5). In the fit,
the diffusion coefficient and lifetimes were fitted to
D = 0.026 m2/s and s = 3.6 ns, using a fixed mobility
of l = 20, 000 cm2/Vs, corresponding to a drift
velocity of vd = 23, 800 cm/s, estimated from the
linear variation of the drift velocities, as explained
in the experimental section. The good fit in Fig. 8
shows that the model is well adapted to describe
the experimental data. Hence, it gives reliable
estimations of the fitted parameters to within the
limitations of the model, mainly the supposed two-
dimensional (2D) diffusion and low carrier injection.
A good fit was obtained at low and intermediate
fields. At high fields, the quality of the fit was
reduced, probably as a consequence of the limited
electrical BW of the setup, which tends to deform
the detected impulse.

The parameters estimated for HgCdTe samples
with cutoff wavelengths ranging from kc = 3.1 lm to
5.3 lm, with extrinsic and intrinsic VHg doping at
T = 80 K are reported in Table I. Figures 9 and 10
present the variation of the drift velocity as a
function of the applied electric field in MW and SW
material, respectively. All the intrinsic VHg-doped
samples were prepared using the same anneal-
ing conditions, giving nominal doping of Na = 3 9
1016/cm3 at xCd = 0.3. For this anneal, the nominal
doping value decreases with increasing Cd compo-
sition, as indicated in Table I. The expected doping

level was not verified in the present samples. In the
extrinsic p-type sample, the VHg doping was par-
tially replaced by an acceptor-like impurity, yielding
a constant doping level associated with a reduced
density of VHg and associated SRH centers.14

The lifetime was found to increase as a function of
Cd composition. This increase can be partially
related to the expected decrease in doping. It could
also be related to the larger energy gap, which is
expected to reduce the effectiveness of the SRH
process. The lifetime in the extrinsically doped
sample was found to increase by approximately a
factor of 10. This increase is consistent with the
reduction in dark current observed in n/p diodes
with similar doping.11

The low-field diffusion and drift mobilities in
Figs. 9 and 10 range between l = 7000 cm2/Vs, at
kc < 4 lm, and 22,000 cm2/Vs, at kc = 5.3 lm. The
reduction in mobility at higher xCd is consistent
with the expected increase in electron effective

Fig. 7. SH response in p-type MW HgCdTe (kc = 5.3 lm) as a
function of electric field at T = 80 K, for drift distance of xd = 30 lm.

Fig. 8. Comparison between the measured and fitted SH response
in p-type MW HgCdTe (kc = 5.3 lm) at E = 11.8 V/cm and T = 80 K,
for drift distance of xd = 30 lm.
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mass. The mobility values are approximately a fac-
tor of 0.4 to 0.5 lower than the typical electron
mobility obtained from Hall measurements in
n-type HgCdTe.15 A reduced electron mobility can
be expected in p-type HgCdTe, due to scattering by
ionized acceptors and/or heavy holes, as observed
experimentally by various groups in both MW and
long-wavelength HgCdTe.8,16 Schacham and
Finkman8 reported a slightly higher electron mobility
le = 29,000 cm2/Vs in MW VHg-doped sample with
Na = 1 9 1016/cm3. The higher mobility in this

measurement can be correlated to the lower doping
level in their samples, which would lead to reduced
scattering by both impurities and heavy holes. The
mobility was found to vary between the present
samples, even for samples with comparable Cd
composition. These fluctuations may be a conse-
quence of strong dependence of the mobility on the
doping level, associated with local doping fluctua-
tions. The mobility in the extrinsically doped MW
sample was found to be slightly reduced compared
with the mobility in the extrinsically doped samples.
This variation is not significant compared with the
observed mobility fluctuations, but could neverthe-
less be an indication of a slight variation in doping
level and/or a difference in scattering efficiency of
the extrinsic and intrinsic ionized acceptors.

The drift mobility, lfit, was systematically lower
than the diffusion mobility lD = Dq/kBTlattice. This
observation is consistent with heating of the elec-
trons during drift. In this picture, the electron
temperature is 1.1 to 2 times higher than the lattice
temperature, even at low electric fields. At high
electric fields, the diffusion coefficient increases
further, corresponding to electron temperature
higher than Telectron = 500 K to 1000 K. It should be
emphasized that, at the highest field, the width of
the impulse response was close to the bandwidth
limit of the experimental setup, which could lead to
overestimation of the diffusion coefficient and elec-
tron temperature. The results do nevertheless show
how SH measurements can be used to extract both
thermal equilibrium and nonequilibrium properties
of the minority carriers in semiconductors. This
could, for example, be used to simulate the proper-
ties of devices and to calibrate and/or verify scat-
tering models in Monte Carlo simulations.

At high electric fields, the drift velocity saturates
at values between 2 9 106 cm/s and 6 9 106 cm/s.
The observation of saturation of the electron veloc-
ity is partly due to the nonparabolic conduction
band, which limits the maximum speed of the elec-
trons to v = 2 9 108 cm/s.2 The value of the satu-
ration velocity is lower and is determined by the
band structure and by the associated scattering
rates. In Ref. 5 we reported the electron drift
velocity in the n-depletion region in MW e-APDs.
This velocity was found to saturate at a value close

Table I. Low-field parameters and saturation velocities in p-type HgCdTe at T = 80 K

kc (lm) Doping Growth Np (/cm3) D (m2/s) lD (cm2/Vs) lfit (cm2/Vs) s (ns) Vsat (cm/s)

5.4 VHg LPE 3 9 1016 0.011 16,000 14,811 3.4 >3.0 9 106

5.3 VHg LPE 3 9 1016 0.026 39,300 19,812 3.6 5.5 9 106

5.3 Ext. LPE 3 9 1016 0.011 16,000 11,500 20 >3.0 9 106

4.2 VHg LPE 3 9 1016 0.017 24,700 14,000 5 2.5 9 106

4.0 VHg MBE 2 9 1016 0.012 17,400 9,300 10 2.0 9 106

3.9 VHg MBE 2 9 106 0.0078 11,300 7,000 20 1.8 9 106

3.3 VHg MBE 1 9 1016 0.0063 9,160 8,000 40 5.8 9 106

3.1 VHg MBE 1 9 1016 0.0074 10,760 7,400 25 6.2 9 106
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Fig. 9. Drift velocity as a function of applied electric field in MW
p-doped HgCdTe at T = 80 K.
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Fig. 10. Drift velocity as a function of applied electric field in SW
p-doped HgCdTe at T = 80 K.
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to ve_sat_n = 2.3 9 107 cm/s. The lower value in the
present p-type samples shows that the scattering by
ionized acceptors and/or heavy holes is also efficient
at high electron energies. In the kc = 5.3 lm sample,
the velocity saturates at vsat = 5.5 9 106 cm/s at a
relatively low electric field of E = 500 V/cm. This is
significantly lower than that observed in the
depletion layer in Ref. 5: Esat = 1.5 9 104 V/cm.

Regarding the depletion-layer electrons, the
velocity decreases at higher electric fields. Reduced
velocity at high energy is often the result of con-
duction in neighboring valleys of the conduction
band. In xCd = 0.3 HgCdTe, the neighboring valleys
are offset at high energies compared with the bot-
tom of the conduction band DE >1.5 eV, which is
why they have been considered not to contribute to
conduction, even during avalanche multiplication in
e-APDs.2 Derelle and co-authors5,17 have shown,
using single nonparabolic conduction-band Monte
Carlo simulations, that a reduction of the drift
velocity occurs due to the nonparabolicity of the
conduction band, which limits the maximum veloc-
ity and increases scattering at high energies. In
recent calculations,18 those authors found a satu-
ration field lower than that reported in Ref. 5:
Esat = 1.5 9 103 V/cm. The results were confirmed
at low electric fields by a recent study of the ava-
lanche gain in HgCdTe,19 based on Monte Carlo
simulations using a full band structure and scat-
tering rates calculated ab initio. These authors
found that only the C-valley contributed to the drift
at fields E<10 kV/cm. The other valleys start to
contribute at higher electric fields, at which the
avalanche multiplication is efficient. Hence, the
reduction of the velocity at low electric fields,
E<10 kV/cm, can be attributed to the effect of the
nonparabolic band. The observation of a reduced
saturation velocity and field in p-doped HgCdTe
indicates that scattering by the ionized acceptors
and/or heavy holes increases with energy, which
again can be correlated to the increase in effective
electron mass. It is also worth noting that the
saturation field obtained in the Monte Carlo simu-
lations18,19 is lower than that estimated from mea-
surements in Ref. 5. This divergence can be attributed
to multicarrier effects, which were not taken into
account in the Monte Carlo simulations, and/or to
errors in the band structure and scattering rates.

The value of the saturation velocity is found to be
uncorrelated to the Cd composition in the present
measurements. The highest velocity is even
observed in the samples with the shortest cutoff
wavelength, kc = 3.1 lm, although the saturation
occurs at higher electric fields. These results are
consistent with a smaller increase in the electron
effective mass at high energies and/or with reduced
scattering, due to the lower expected doping in the
high-xCd samples. The velocity is found to be nearly
constant at high electric field and xCd values.
This does, however, not exclude a reduction of
the velocity at even higher fields. Regarding the

mobility, we observe significant fluctuations of the
saturation velocity in different samples with similar
xCd value. As for the mobility, these fluctuations
could be linked to fluctuations in doping and/or
localized defects in the material.

The measured saturation velocities allow estima-
tion of the stochastic timing jitter of the onset of the
APD response for a single photon absorption. As
explained in the introduction, this is caused by the
fluctuations in the drift-limited collection time,
which depends on the position of absorption of a
single photon in the p-type absorbing layer. The
timing jitter can be estimated from the thickness of
the absorbing layer, tMCT, and the strength of the
built-in electric field, DV, generated by a Cd com-
position and/or doping gradient. Supposing that
tMCT = 4 lm and DV = 0.1 V (EMCT = 250 V/cm), the
carrier velocity in the SW and MW samples varies
between 2 9 106 cm/s and 5.5 9 106 cm/s, which
gives a jitter of 80 ps to 200 ps. For thinner layers,
the timing jitter can be lower than 50 ps.

Measurements as a function of temperature were
performed on the kc = 5.4 lm sample at an inter-
mediate electric field of E = 170 V/cm. The esti-
mated diffusion mobility, drift mobility vd/E, and
drift velocities are compared in Fig. 11. The drift
velocity (vd) and mobility (l) decrease with temper-
ature as T�1, which is consistent with increased
phonon scattering. Hence, an increase of tempera-
ture by a factor of 2 leads to a decrease of drift
velocity by a factor of 2, which in turn will lead
to increased jitter by the same factor. At higher
temperature, the agreement between the esti-
mated drift mobility and the diffusion mobility is
improved. This shows that the electron and lattice
temperatures are becoming comparable, probably
due to increased inelastic phonon scattering.

CONCLUSIONS

The avalanche gain performance and minority
electron properties have been characterized in n-on-
p planar HgCdTe e-APDs with cutoff wavelengths
ranging from SW (kc = 2.9 lm) to MW (kc = 5.4 lm)
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p-doped HgCdTe.
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at T = 80 K. Direct I(V) and noise measurement
showed that the exclusive electron multiplication,
characterized by exponentially increasing gain and
excess noise factor close to unity, is stable at gains of
M ‡ 600 and cutoff wavelengths of kc = 2.9 lm. The
sensitivity limit Ieq_in of the e-APDs was estimated
from zero-flux noise measurements on test arrays of
diodes at high gain, and using a low-noise ROIC at
low gains. The measurements confirmed that the
dark current tends to decrease with increasing xCd

at constant gain. A new record in sensitivity of
APDs, Ieq_in = 2 aA corresponding to 12 electrons/s
at M = 24, has been measured in APDs with the
shortest cutoff wavelength. This level of sensitivity
is compatible with low-flux applications in astron-
omy, such as wavefront correction and fringe
tracking.

The sensitivity of the SH measurements was
enhanced by using e-APDs at high and intermediate
gain to probe the minority carriers. The measure-
ments were analyzed using a 2D drift–diffusion
model, which allowed simultaneous estimation of
the lifetime, diffusion constant, and drift velocity as
functions of the applied electric field. The estimated
lifetimes were found to increase with xCd. The drift
mobility, estimated from the linear variation of the
drift velocity at low electric field, was found to be a
factor of 0.4 to 0.5 lower than the electron mobility
in low-doped n-type material, confirming that ion-
ized acceptors and/or heavy holes contribute to the
scattering of the electrons in p-type materials. The
diffusion mobility, estimated using the diffusion
constant, was consistently higher than the drift
mobility. This difference is consistent with an
increase of the electron temperature during drift. At
high electric fields, the electron temperature was
found to be close to T = 500 K to 1000 K.

Saturation of the drift velocity was observed at
high electric fields, E = 400 V/cm to 1000 V/cm. The
Cd composition was not found to have a significant
influence on the value of the saturation velocity,
which was found to fluctuate between vsat = 2 9
106 cm/s and 6 9 106 cm/s, independently of the
value of xCd. These values are 4 to 10 times lower
than that observed in low-doped n-type material,
showing that impurity and/or hole scattering is still
efficient at high energies. The strength of the elec-
tric field needed to observe the saturation was found
to increase with xCd. In MW sample, the drift
velocity was found to decrease after reaching a

maximum, as observed for electrons in the n-doped
depletion layer.5 Due to the low electric fields in the
present measurements, this decrease was attrib-
uted to increased acceptor/heavy hole scattering at
high energies, due to the increase in electron effec-
tive mass. Finally, the measured saturation veloci-
ties were used to estimate the timing jitter in
HgCdTe e-APDs with a built-in electric field,
showing that jitter lower than 100 ps can be
obtained in absorption layers thicker than 4 lm.
Such speed fulfills the requirements for most time-
resolved photon-counting applications.

REFERENCES

1. J.D. Beck, C.-F. Wan, M.A. Kinch, and J.E. Robinson, Proc.
SPIE 4454, 188 (2001).

2. M.A. Kinch, J.D. Beck, C.-F. Wan, F. Ma, and J. Campbell,
J. Electron. Mater. 33, 630 (2004).

3. J. Rothman, G. Perrais, P. Ballet, L. Mollard, S. Gout, and
J.-P. Chamonal, J. Electron. Mater. 37, 1303 (2008).

4. G. Perrais, J. Rothman, G. Destefanis, and J.-P. Chamonal,
J. Electron. Mater. 37, 1261 (2008).

5. G. Perrais, S. Derelle, L. Mollard, J.-P. Chamonal,
G. Destefanis, G. Vincent, S. Bernhardt, and J. Rothman,
J. Electron. Mater. 38, 1790 (2009).

6. J.R. Haynes and W. Shockley, Phys. Rev. 81, 835 (1951).
7. Y. Shacham-Diamand and I. Kidron, J. Appl. Phys. 56, 1104

(1984).
8. S.E. Schacham and E. Finkman, J. Appl. Phys. 57, 1161

(1985).
9. G. Perrais, O. Gravrand, J. Baylet, G.L. Destefanis, and

J. Rothman, J. Electron. Mater. 36, 963 (2007).
10. J. Rothman, G. Perrais, E. de Borniol, P. Castelein, N. Baier,

F. Guellec, M. Tchagaspanian, P. Ballet, L. Mollard, S. Gout,
A. Perez, M. Fournier, J.-P. Chamonal, P. Tribolet, and G.
Destefanis, Proc. SPIE 6940, 69402N (2008).

11. O. Gravrand, L. Mollard, C. Largeron, N. Baier,
E. De Borniol, and P. Chorier, J. Electron. Mater. 38, 1733
(2009).

12. J. Rothman, E. de Borniol, P. Ballet, L. Mollard, S. Gout,
M. Fournier, J.-P. Chamonal, G. Destefanis, F. Pistone,
S. Courtas, X. Lefoule, and P. Tribolet, Proc. SPIE 7298,
729835 (2009).

13. F. Pistone , P. Tribolet, X. Lefoul, M. Zecri, S. Courtas,
P. Jenouvrier, and J. Rothman, Proc. SPIE 7298, 729835-1
(2009).

14. M.A. Kinch, F. Aqariden, D. Chandra, P.-K. Liao, H.F.
Schaake, and H.D. Shih, J. Electron. Mater. 34, 880 (2005).

15. P. Capper, INSPEC, INSBN 0852968809.
16. N.T. Gordon, S. Barton, P. Capper, C.L. Jones, and

N. Metcalfe, Semicond. Sci. Technol. 8, 221 (1983).
17. S. Derelle, S. Bernhardt, R. Haidar, J. Primot,

J. Deschamps, and J. Rothman, IEEE Trans. Electron. Dev.
56, 569 (2009).

18. S. Derelle (Ph.D. Thesis, Université Paris XI, 2009).
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