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Abstract

The OCVD (open circuit voltage decay) method is the generally used method for the determining of carrier lifetime in the structures of
semiconductor devices. This paper is focused on power diode (P NN ™) structures, in which is realised a carrier lifetime gradient to influence the

current and voltage waveforms during the reverse recovery process. A theoretical analysis of the general features of voltage decay courses in

OCVD measurements on diode structures with an axial carrier lifetime gradient in the diode base is presented. Some results obtained from both

simulations and experimental measurements are discussed in the paper.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The OCVD (open circuit voltage decay) method is a
commonly used technique for carrier lifetime measurements
in the structures of semiconductor devices. The measure-
ment is relatively very simple: a diode part of a device is
forward biased and then the circuit is opened. OCVD carrier
lifetime 7.4 is determined from the slope of the voltage
decay [1]

kT (dV\™!
Telt = - (E) . (1

It depends on carrier lifetime 7 in the base of the diode
structure, injection level, and on several more parameters.

The simple formula (1) assumes a low injection level,
uniform carrier lifetime distribution across the diode base
region and disregards space charge effects. Nevertheless,
the method is used generally. This paper focuses on
interpretation results of OCVD measurements for diode
structures with an axial carrier lifetime gradient in the
diode base.
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2. The OCVD method

In a simple approximation, the voltage drop across a
P*NN™ diode structure V(f) is given by

V(1) = Ve() + Vn(1) —JE(x; 1)dx, (2)
0
where Vp is the voltage drop at the P*N junction, Vy is the

voltage drop at the NN junction and E is a local electric field
in the base of diode structure

L J(x; 1) KT (i — up)
E(x;t) = —
e(uy + pplAn(x; ) e(u, + p,)An(x; 1)
dAn(x; 1)
X —. 3
o 3)
The junction voltages can be derived using the Boltzmann
relations
a0 —e[pp — Vp(2)]
N—; - exp{T 5 (43.)
nn(ws 1) —e[on — V()]
—_— = —_— 7, 4b
Ng eXp{ kT (“40)

@p = (kT/e)In(Nf Np/n?), on= (kT/e)in(NpNy;/n?) are the
built-in voltages at P*N and NN junctions.
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Assuming a homogeneous carrier lifetime 7 distribution (i.e.
a constant carrier lifetime), carrier concentration at the
junctions decreases due to recombination as

Pa(0:1) = px(0; 0exp(—2). (50
nny(w; 1) = ny(w; 0)exp (—;) (5b)

If internal electric field in the base of the diode can be
neglected, from (2) and (4) it follows that the carrier lifetime
under high injection conditions may be expressed by the well-
known formula

kT (dv\~!

Comparing (6) and (1), for the high injection carrier lifetime
follows 7=27..

Under low injection conditions (V= 0) it can be found for
carrier lifetime 7.4= 17, because in this case

kT (dV\ 7!

Egs. (6) and (7) are often used for determining both high-
injection and low-injection carrier lifetime by the OCVD
method and evaluation of the carrier lifetime dependence on
injection level.

3. Influence of axial carrier lifetime gradient

In real cases, recombination in the highly doped region
should be considered [2]. Formulae (6) and (7) were derived
under the assumption that the contribution of the internal
electric field given by (3) can be neglected. This is a good
approximation in the case of a homogenous diode structure, but
in the case of existence of an axial carrier lifetime gradient in
the base of the diode structure, the use of (6) and (7) for
determining carrier lifetime from the voltage decay is rather
problematic.

If carrier lifetime is not a constant, the recombination rate of
excess carrier concentration at P*N and NN junction differs.

Assuming pn(0; 1) = pn(0; O)exp(—(#/7p)) and ny(w; )=
nn(w; 0)exp(—(t/7y)), and neglecting the voltage drop due to
the internal electric field, the post-injection voltage decay
under high injection conditions can be approximated by

w11y "

dr e Tp ™

Using (1/7q) = (1/7p) + (1/7y) for an effective carrier
lifetime, it can be found that for 7p << 7y the effective high
injection carrier lifetime is 7.g=7p, and for 7y K 7p the
effective carrier lifetime is 7.¢= 7. This strongly differs from
the case of uniform carrier lifetime distribution, where 7.5=
0.57, as follows from (6). From (8) it also follows that the
application Eqgs. (6) and (7) for evaluation the carrier lifetime
dependence on injection level from OCVD measurements in

the case of structures with an axial carrier lifetime gradient
(used e.g. in [4]) may not be correct.

Another important factor that can influence the voltage
decay after opening the circuit is an internal electric field
connected with the excess carrier concentration gradient that
originates due to differences in the recombination rate along
the device structure. From (3) it follows that during OCVD
measurements this electric field can be approximated as

kT(uq —pp)  dAn(x;t)
e(iy + pp)An(x; 1) dx

E(x;t) =— €))
An analytical solution of the transient process is relatively
very complicated. To evaluate the influence of the internal
electric field on the open circuit voltage decay, numerical
simulations of the transient process were performed.

4. Simulation results and discussion

The DIMOWIN programme [5] was used for the numerical
simulation of the transient process. This programme allows
one-dimensional simulations of both reverse recovery process
and OCVD measurements under both homogeneous and
inhomogeneous carrier lifetime distributions in the base of
PTNN™ diode structures (abrupt P+N and N+N junctions
are supposed). In the case of the inhomogeneous carrier
lifetime distribution, the carrier lifetime distribution is
supposed in the form

7(x) = 7(0)exp(—oax). (10)

(7 is the high injection carrier lifetime in the Shockley—Read—
Hall approximation). The programme can be used for an
extensive range of physical diode parameters and operating
conditions.

In our simulations, we looked for the influence of the carrier
lifetime gradient in the diode base on the course of voltage
decay under conditions of OCVD measurements. To obtain
comparisons of parameters, the mean value of the carrier
lifetime 7 was kept constant

7 = —— | exp(—ax)dx = —=[1 —exp(—aw)]. (1
w oaw

w
7(0) J 7(0)
0

To demonstrate the influence of the axial carrier lifetime
gradient on the OCVD process, a P*NN™ diode structure of
the N type base thickness of 300 um was used. An example of
carrier lifetime distribution in the diode base used for
simulations is shown in Fig. 1. For individual cases, the
distribution of excess carriers in the steady-state forward
biased conditions is calculated. The excess carrier distributions
at the current density 10 A/cm” for different carrier lifetime
distributions (shown in Fig. 1) are shown in Fig. 2.

The numerical simulation of the change of carrier
distribution in the diode base after opening the circuit shows
that under conditions of an axial carrier lifetime gradient there
is also a relatively high concentration gradient of excess
carriers in the diode base during the transient process.
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Fig. 1. Examples of carrier lifetime distribution used for simulation using
programme DIMOVIN. The mean value of carrier lifetime 7= 2 us is assumed.

Examples of changes of excess carrier concentration distri-
bution are shown in Fig. 3. An internal electric field is
connected with the excess carrier concentration gradient and it
also has a considerable influence on the effective carrier
lifetime 7. measured by the OCVD method and calculated
from (1).
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Fig. 2. Examples of excess carrier distribution at the on-state carrier density
Jr=10 A/ps for carrier lifetime profiles shown in Fig. 1 (7= 2 ps).
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Fig. 3. Examples of excess carrier distribution during OCVD carrier lifetime

measurement. (a) 7=constant; (b) 7p>7y; (c) Tp<7n.

From the excess carrier distribution after opening circuit Vp
and Vy were calculated using (4a) and (4b) and the voltage 3V
originating due to the excess carrier gradient

ov(t) = J—E(x; fdx, (12)
0



220

where E(x;t) is given by (9). The voltage drop V() across the

diode is given by

V(&) = Vp(t) + Vn(@) + 6V (). (13)
Examples of waveforms Vp(7), Vn(?), 0V(¢) and V(¢) for the

same mean carrier lifetime 7= 2 um and different « (deter-

mining the carrier lifetime gradient) are shown in Fig. 4. On-
state current density 10 A/cm? was used for the simulations.
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From the simulations it follows, that in homogeneous
structures with a constant carrier lifetime the internal electric
field is very low and does not influence the voltage decay. At the
beginning of the process, carriers diffuse into the central part of
the diode structure. This results in a higher decrease of excess
carriers at junctions than only due to recombination. Within a
short time, the carrier distribution becomes nearly constant and
the voltage decay can be well described by (6), for the end of the
process by (7), in a very good agreement with [2] and [3].
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Fig. 4. Examples of voltage V, Vp, Vy and 0V waveforms for different axial carrier lifetime gradient characterised by parameter o (7= 2 ps is assumed). (a) a= —

160cm™"; (b) a=—80cm ™ '; (¢) «=0; (d) =80 cm ™ '; (e) a=160 cm™ .
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Fig. 5. A simulated dependence of 6V on parameter « (7= 2 ps is assumed) at
t=40 ps from opening the circuit.

In diode structures with the axial carrier lifetime gradient, an
internal carrier concentration gradient is developed due to non-
uniform recombination, which influences excess carrier
distribution. The carrier flow from an area of higher carrier
concentration decreases the rate of decrease of carrier
concentration on the side with the lower carrier lifetime and
increases the rate of carrier concentration decrease on side with
the higher carrier lifetime. An additional voltage drop oV(¢)
connected with non-uniform recombination develops relatively
quickly and seriously influences the voltage decay waveform. It
follows from the simulations that the absolute value of the
voltage drop 0V increases with increasing absolute value of
carrier lifetime gradient as demonstrated in Fig. 5.

In the case of diode structures with axial carrier lifetime
distribution, the voltage decay waveform can be divided into
three parts, as indicated in Fig. 6. At the beginning of the
process (part 1), the carrier lifetime 71 can be determined using
(1). The value of 7y is relatively close to (but higher than) what
can be found from (8). During this phase of the process, the
internal electric field increases, which results in an increase of
the voltage drop 6V given by (12). After sometime, a relatively
constant excess carrier gradient is developed in the diode base

voltage

time

Fig. 6. General shape of voltage decay waveforms during OCVD measurements
on samples with an axial carrier lifetime gradient in the base of the structure.
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T
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Fig. 7. Shape of the voltage decay waveforms during OCVD measurements on
samples with a high axial carrier lifetime gradient in the base of the diode
structure.

and the voltage drop 6V is practically constant. In this phase of
the transient process, the carrier lifetime 7y; can be determined
using (1). The value of 7y is connected with the mean value of
carrier lifetime 7 (close to 7/2 under high injection conditions).
At the end of the process (part III), there is a tile connected with
relaxation of the internal electric field due to carrier lifetime
gradient and it cannot be used for determining the low-
injection carrier lifetime. If the carrier lifetime gradient is very
high, the voltage decay waveform is a little changed and a local
minimum may appear between part I and part II, as indicated in
Fig. 7. Similar voltage decay waveforms are known from
OCVD measurements on ion irradiated diode samples, where a
very high carrier lifetime gradient was created [6].

The voltage decay waveforms measured on of this kind have
also been found experimentally also on diodes diffused with
iridium from the P -emitter side. The high injection carrier
lifetime was measured using on-state current density 10 A/cm?
(forward current rectangular pulses 200 ps in width with the
edge shorter than 100 ns were applied with repetitive frequency
50 Hz). An example of the voltage decay waveform (measured
using a digital oscilloscope with input impedance 10 MQ) is
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Fig. 8. An example of the voltage decay waveform measured on a diode sample
diffused with iridium.
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shown in Fig. 8. The waveform is in a relatively good
agreement with the voltage decay type described in Fig. 6 for
the case of an axial carrier lifetime gradient with carrier
lifetime decreasing from the P to the N™ emitter.

5. Conclusions

From the analysis of the transient processes during OCVD
measurements it follows, that for diode samples with an axial
carrier lifetime gradient, the waveform of the voltage decay is
strongly influenced by the excess carrier gradient induced due
to inhomogeneous recombination. Under conditions of expo-
nential distribution of carrier lifetime in the diode base, it is
possible to obtain from the dV/d¢ slope in the middle part of the
OCVD process an effective carrier lifetime relating to the mean
value of the carrier lifetime (high injection) in the base of the
diode. Lowever the voltage decay waveform is influenced by
the carrier lifetime distribution. The tail of the OCVD voltage
decay waveform depends mostly on the internal electric field

due to the carrier lifetime gradient and cannot be used for
determining the low injection carrier lifetime.
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