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Determination of minority carrier lifetime
in a finite base HgCdTe photodiode :
Pulse recovery technique

CUI Hao-Yang™, XU Yong-Peng, ZENG Jun-Dong, YANG Jun-Jie, TANG Zhong
(School of electronic and information engineering, Shanghai University of Electric Power, Shanghai 200090, China)

Abstract ; An experimental study of the minority carrier lifetime in a finite base HgCdTe n* -on-p photodiode using pulse re-
covery technique (PRT) is presented in this paper. The reverse recovery storage time (#,) is functions of the forward cur-
rent I, and reverse current I;. Average minority carrier (electron) lifetimes (7,) calculated from ¢, and I;/I;; strongly in-
creases with decreasing ratio of the base thickness to the diffusion length. The minority carrier (electron) lifetime extracted
from the conventional theory is approximately 28 ns at 77 K, much less than the value of 51 ns obtained when short base
effects are considered in the analysis. This reveals that the base thickness of the photodiode is an important parameter for
the minority carrier lifetime measurement using PRT. The infinite base assumption is valid only if the base thickness is lar-
ger than about three times the diffusion length of minority carriers.
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Introduction

HgCdTe is the preferred material for detectors and

focal plane arrays over a broad range of the infrared

[13

spectrum I At present, pn junction structure is still

widely used in the preparation of HgCdTe infrared de-
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tectors. The recombination lifetime of minority carrier
injected across pn junctions plays a key role in deter-

] Previous study results

mining device performance
show that the lifetime obtained techniques with differ-
ent testing is widely distributed in the order of ws ~ns

range °) for samples with different Cd composition,
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size, and growth conditions. Since the material proper-
ty may be changed during the formation of pn junction,
the parameters of HgCdTe raw material cannot be ap-
plied to estimate the properties of pn junction devices.
In order to determine the minority carrier lifetime in
HgCdTe photodiode, the measurements must be carried
out on the actual devices thus the extracted parameters
can be utilized in device design and simulation.

Many methods have been developed to measure
the minority carrier lifetime for other material devices
such as: short-circuit current, open-circuit voltage de-
cay (OCVD ), pulse recovery technique ( PRT)
etc. ') Among the techniques, PRT is one of the most
commonly used methods for determining lifetime in pn
junction diodes, which was first used to analysis Si di-
ode in 1954'7). By monitoring the junction current in a
diode as it is biased from forward to reverse bias in a
diode, the average minority carrier lifetimes (7) can
be calculated from ¢, and I./I;. This theory is based
upon a basic assumption, that is, base thickness ( W)
of the photodiode is infinite. However, this assumption
is valid only if W is much larger than the diffusion
length of the minority carrier. In this paper we present
a theory of PRT in HgCdTe photodiode taking into ac-
count its finite base. The minority carrier continuity e-
quation for a photodiode has been used to obtain the in-
itial boundary condition. We find that the infinite base
approximation is valid only if W is larger than about

three times the diffusion length of minority carriers.

1 Theory

1.1 Theory of pulse recovery technique
Considering a n" -on-p photodiode p-substrate of
conceptual model of the PRT is shown in Fig. 1(a)
and Fig. 1(b). Figure 1(c) shows variation of the
concentration of electrons in p region of HgCdTe pn
junction device. When the n* -on-p photodiode is rap-
idly switched from forward into reverse bias, excess mi-
nority carriers generated from forward bias injection
must recombine before current flowing through the di-

"), The reverse current sig-

ode can drop to near-zero
nal observed can be divided into two different phases.
The first phase (Fig.1(b) (@) is the constant recovery

current component lasting for ¢, which is defined as

charge storage time, as is shown in Fig. 1(c) D—Q®.
The reverse current then drops off quasi-exponentially
to near zero subsequently (Fig. 1(b) (@) during the
time t;, as is shown in Fig. 1(¢c) @—®.
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Fig.1 HgCdTe photodiode current response versus time in
the PRT (a) the chang es of bias voltage with time, (b)
time dependence of the current response, and (c) the carri-
er density in p region at different phase
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As discussed above, the current recovery progress
of the photodiode has been related into the attenuation
progress of the excess minority carrier introduced into
the base region by forward bias. The electron concen-
tration will be reduced by two ways, one is the recom-
bination with holes in p-HgCdTe, and the other is the
electrons flow away from the junction to constitute the
reverse current. By monitoring the junction current in a
diode as it is switched from forward to reverse bias in a
diode, the reverse current through the diode may be
observed as a function of time. The storage time and
the forward-reverse current are then related to the life-
time. The lifetime can be calculated using both con-
stant current phase and non-constant current phase.
However, the constant current phase can be more easi-
ly observed and used in the actual testing progress,
and more suitable for the calculation of the minority

carrier lifetime in the base region. We treat the device
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as an essentially one-dimensional structure. As derived
by Green'®) | an expression for the transient voltage de-
cay can be reached by using the minority carrier conti-
nuity equation for the base of the diode, given as:
dQ/dt= -I; -Q/7 , (1)
where Q, I and 7 are the storage excess minority carri-
er charge in the quasi-neutral base region, reverse cur-
rent, and minority carrier lifetime, respectively. The
solution to Eq. (1) using the boundary conditions
Q(¢=0) =I;7 and Q(t=1¢,) =0 can be expressed as:
t,=rxIn(1+1/1y) , (2)
where I is the forward current. In(1 + I/} ) linear
with time, so the minority carrier lifetime can be calcu-
lated from the slope of the line fitted to Eq. (2).
1.2 The finite base HgCdTe diode
The traditional PRT theory assumes a lightly
doped region of the thickness W, such that W > >L_,
the minority carrier diffusion length. For the case of
narrow base approaches to the minority carrier diffusion
length, the assumption that the boundary condition Q( ¢
=0) =17 is not accurate. This is due to that the ex-
cess carrier at x = W will be removed from the base ac-
cording to the boundary condition, that is, n,(W) =
n,. The electrons Q(t=0) accumulated in the base
region will be less than 7. Therefore, the minority
carrier lifetime calculated from Eq. (2) will be too
small. Taking into this account, the excess electron
charge stored in the base region under the positive bias
must be corrected. The distribution density of the car-

rier can be written as (%! .

sinh(?)
7‘; .(3)
sinh(L—)

P

np(x) =n, + [np(O) —npo]

The charge stored in the base region at t =0 can be ob-
tained by integrating the formula (3) :

0 =0) = [ (n,~np)demrly (&)
+e Y 2
2sinh(W/L,)
Solving the Eq. (1) using the new boundary condition
Q(t=0) =ml,r and Q(z=t,) =0 the relationship be-
tween the recovery time ¢, and current ratio I/Ij is:

i, =7 XIn(1 +m xI/Iy) . (6)
Comparing Eq. (2) with Eq. (6), it is clear that m

o (WL

(5)

m(W/L,) =

approaches 1 when the W/L_ tends to infinity, and
therefore, Eq. (6) have the same form as Eq. (2).
Thus, the thick base region is the basis of the boundary
conditions used in Eq. (2). When W is less than or
approximately equal to L_, the value of m will no lon-
ger be equal to 1, and the calculation of the minority
carrier lifetime will be influenced consequently. Figure
2 shows the relationship between m and W/L_. It can
be seen that when W/L,_ increases from O to 10, the
value of m increase from 1 to 10. Thus the minority
carrier lifetime calculated from PRT will decrease with
the increasing of W/L, within a certain range of the ra-
tio of Wto L,.
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Fig.2 The relationship between m and W/L,
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2 Experiments

The PRT experiment scheme is shown in Fig. 3.
The HgCdTe photodiode was grown by molecular beam
epitaxy on (100) GaAs substrate with a buffer layer of
CdTe. The pn junction was formed by boron ion im-
plantation into the p-type Hg 55,4 Cdy 415 Te layer, re-
sulting in an abrupt n*-on-p structure'’). The width
of p and n" regions are about 7 and 1 um, respective-
ly. The active area of HgCdTe photodiode is 50 pm X
50 pm. The mobility of electron in p-type HgCdTe is
about 189 c¢m’/Vs. The sample was mounted in liquid
nitrogen Dewar with temperature kept at about 77 K for
measurement. The sub-nanosecond pulser signal was
generated by Agilent 33 250 A. The sample under test
is connected via BNC coaxial cable in series with a 50
Ohm resistor. Both signals from the pulse source and

the HgCdTe photodiode were monitored and recorded
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with an Agilent Infiniium 54 832 B.
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Fig.3 Schematic of the experimental setup
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3 Results and discussion

Figure 4 shows the experimentally recorded re-
verse recovery current transients from HgCdTe photodi-
ode for various values of I;. The forward current I; is
held approximately constant by fixing the forward bias
voltage. The reverse current will go back to the cut-off
state as it is switched from forward to reverse bias.
This indicates that the minority carrier stored in the
photodiode will disappear gradually. As the reverse bi-
as increases, the reverse current is found to increase
gradually, while the charge storage time ¢, and recovery
time ¢, are found to decrease dramatically. The depend-
ence of the storage time amplitude on the current ratio
I/ is plotted in Fig. 5. The slope of 28, obtained by
linear fitting using Eq. (2) to the experimental data in
linear coordinate, indicates that the lifetime of excess

electrons accumulated in the base is 28 ns.
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Fig. 4 Reverse recovery current transient of the diode as
a function of initial reverse bias
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Fig. 5 The storage time vs the current ratio I./I;. The
circle points are the experimental results and the solid
line represents the curve fiting to Eq. (2)
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Since the base thickness of the photodiode studied
in this work approaches or less than the electron diffu-
sion length reported in the literature [ 12 ] or calculated
via the Einstein relation, the minority carrier lifetime
calculated from the reverse recovery characteristics
should be corrected by the theory considering the nar-
row base effect, that is, the ratio of base thickness to
the electron diffusion length. Substituting Einstein rela-
tion'™ Egs. (7) and (8) into Eq. (5), the minority
carrier lifetime obtained is 51 ns by numerically solving

the differential Eq. (6).

p =T G

q

L .=Dr , (8)
where D,y ,k, T are electron diffusion coefficient, mob-
ility, Boltzmann constant, and temperature, respec-
tively. The large difference (more than 2 times) in li-
fetimes measured by PRT with and without considering
the short base effect indicates that W/L, is an important
parameter in determining the lifetimes. In Fig. 6, we
also present the relationship between the minority carri-
er lifetime and W/L, with the same experimental data.
Comparing the lifetime at W/L_, =3.4 and 0.24, we
ound that, lifetime changes from 30 to 129 ns (4 times
increase). This significant enhancement of the lifetime
could be attributed to the storage of charge in the base
region increasing with the increasing of W/L,. Under

the same conditions of ¢, and current ratio I to I, the
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larger the number of electrons accumulated in the base
region, the shorter the lifetime is. As a result, the in-
finite base approximation is valid only if W is larger
than about three times the diffusion length of minority
carriers. This conclusion is consistent with m function

character shown in Fig. 2.
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Fig.6 The relationship between minority carrier
lifetime and W/L,. The solid line is for eye guide
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The abovementioned observations underscore the
importance of studying photodiode minority carrier life-
time as a function of W/L,. Since W<L_ reduces the
storage charge accumulated in the base region, the mi-
nority carrier lifetime using conventional PRT will be
estimated too small. In addition, the previous studies
also showed that the recombination lifetime has been
associated with a surface recombination'™’. The short
base region could lead to increased surface recombina-
tion, thus reducing the values of the minority carrier li-
fetime. The measured lifetime value calculated in this
paper is the combined effect of the bulk and surface
components, which is called effective lifetime. The a-
nalysis of the influence of surface recombination on cal-
culated lifetime will be studied later.

So far we have only concerned with substrate mi-
nority carrier recombination in the n " -on-p photodiode.
Also, the minority carrier will recombine in the heavily

5] The emitter lifetime is generally

doped n* emitter
much lower than the base lifetime. Therefore, the mi-
nority carrier recombination in emitter will have a signif-

icant influence on the PRT measurement. However, it

is should be noted that the emitter in this measurement
is much more heavily doped (1 x 10" c¢m’) than the
base (1 x10” em®). Generally, this effect results in a
shorter lifetime shorter than the real lifetime appreciably

under high injection conditions, while it can be mini-

mized at low and moderate injection levels'®.

4 Conclusions

The major conclusion of this work is that the W<
L, will influence the calculation of minority carrier life-
time. This is demonstrated by the experiment study of
the minority carrier lifetime in a finite base HgCdTe
n " -on-p photodiode using PRT. The recombination li-
fetime considering the short base effect was found to be
about a factor of 2 higher than that of conventional
PRT. The infinite base approximation is valid only if W
is about three times larger than the diffusion length of
minority carriers. Given the fact that there has been lit-
tle previous investigation of minority carrier lifetime in
HgCdTe photodiode as a function of diffusion length
vs. base thickness, this work raises the possibility that
thin base effect may be partly responsible for poor ef-
fective minority carrier lifetimes and limited perform-
ance obtained in many previous HgCdTe junction de-

vices.
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