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Measurement of Minority Carrier Lifetime and Surface Effects in Junction Devices

Introduction

The characteristics of junction devices are influenced to a con-
siderable degree by the lifetime of the minority carriers. Accordingly,
methods for the measurement of this quantity are of considerable im-
portance. Methods® have been described for the measurement of the lifetime
of minority carriers when these carriers are produced within the volume of
a semiconductor. When theminority carriers are introduced near the surface
of a semiconductor the resulting effective lifetime may to a large extent
be determined by the nature of the surface. For most junction devices, it
is the effective lifetime that is of primary importance.

This bulletin describes a simple method for the measurement of
effective lifetimes of injected minority carriers. The measurements may be
applied to practical junction structures as, for example, an alloyed
junction transistor. Measurements may be made on either completed or
partially completed devices. The resulting data are potentially of value
as a quality control during the fabrication of transistors and similar

devices.

In many cases, the effective lifetime is a good indication of the
surface conditions, and immediate evaluation of these conditions may be
obtained at various stages of device processing. With selected geometries,
the measurement method may be applied to determine absolute values of
surface recombination velocities and should therefore be a valuable tool
in the study of surface conditions and treatments.

The measurement method is described in terms of junction devices
using germanium as the semiconductor. However, the method is equally

applicable to devices made with other semiconductor materials.

General Considerations

important material property which factor in many transistor parameters such as
affects the performance of transistor devices saturation current, current amplification
is the lifetime or diffusion length of minority factor, and others. It is, therefore,

in the semiconductor. This lifetime siderable practical importance to be able to
depends on the nature of the material and evaluate this factor. directly on

on the various treatments to which the material devices.

"as been subjected. Electrically, it is a direct

1LE3-885, Electrical Measurements on Germanium.

Earlier studies of minority carrier 1ife-
times have been mainly directed to evaluations
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as a property of the material?® (volume 1life-
time) or as a property of a surface® (surface
lifetime). As a result, the methods developed
in these studies have not used the geometries
of practical junction devices nor have they
generally involved a p-n junction. This bulletin
will describeasimple method* which is directly
applicable to junction devices. Indeed, this
method uses a p-n junction to inject minority
carriers by means of a current pulse applied to
the junction in the forward direction. The
decay of the injected carriers is observed by
open circuiting the p-n junction and observing
the junction voltage on an oscilloscope. A
particular advantage for investigative work is
that this measurement can be made on a single
junction, thereby avoiding the more complex
construction of a complete transistor. Further-
more, immediate evaluation can be made at
various stages in the processing of junction
units as a control in the fabrication of tran-
sistors or as a measurement in the study of
process variations.

Experimental Method

The circuit of Fig. 1 shows an experi-
mental rarrangement for applying a constant
current pulse in the forward direction through
a p-n junction and, by means of a thermionic
diode, open-circuiting the p-n junction at the
termination of the current pulse. The open-—
circuited junction voltage is observed on an
oscilloscope. Minority carriers are injected
into the base region during the time the pulse
is applied to the junction in the forward
direction. Upon completion of the pulse, the
thermionic diode effectively opens the circuit
between the generator and the emitter. As a
result, the junction voltage is a direct measure
of what happens to the injected carriers. A

typical open-circuited voltage waveform is also
L. B. Valdes, "Measurement of Minority Carrier Life-
time in Germanium", Proc. IRE, Vol. 40, p. 1420
(1952).

°p. Navon, R. Bray, H. Y. Fan, "Lifetime of Injected
Carriers in Germanium", Proc. IRE, Vol. 40, p. 1342,
(1952).

“A related development has recently been described.
B. R. Gossick, "Post-Injection Barrier Electromotive
Force of p-n Junction", Phys. Rev., Vol. 91, p. 1012,
(1953).

illustrated in Fig. 1 (voltage at b - b’))>

EMITTER
6ALS 0SCILLOSCOPE
PULSE GENERATOR 9 b
o : | O
l
oSYNC, | | —* sync
i o BASE b lj
u *

VOLTAGE AT b-b

Vb j'b

VOLTAGE AT a-Q'

1N
=

PULSE DURATION
(APPLIED PULSE)

PULSE DURATION
(OPEN CIRCUITED

JUNCTION WAVEFORM)

Fig. | = Circuit illustration for applying constant

current pulse to emitter-base junction and observing

an open~circuited junction voltage upon termination
of pulse.

|t is observed that, after an initial drop
due to an internal series resistance, the open-
circuited junction voltage decays approximately
linearly with time and this linear decay i‘))
followed by an approximately exponential decay
As will be shown below, this linear portion of
the voltage variation lends itself very readily
to computation of a minority carrier lifetime.
This minority carrier lifetime is here desig-
nated as an effective lifetime since it results
from the combined effect of volume and surface
lifetimes.

In Fig. 2 there is shown a flexible circuit
for use in connection with a suitable pulse
generator and an oscilloscope for observing
either the reverse bias (to be described sub-
sequently) or the open-circuited junction
voltage. The pulse generator that has generally
been employed is the Hewlett-Packard Model 212A.
The pulse rise time and more important, the
pulse decay time should be reasonably small--
1/10 of the effective lifetimes to be measured
should be adequate. Pulse length and repetitior)

\

frequency usually used are 10 psec and 300 J§
p/sec, but the exact values employed are not
important. The pulse amplitude and generator
output impedance are also of no great im-
portance. The oscilloscope response should be
at least comparable to the pulse generator
decay time mentioned above. It is importar ))

that the vertical amplification and horizontal
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Fig. 2 = Circuit used for the measurement of effective lifetime and related
characteristics.

trace speeds be calibrated. A differential
( scilloscope (such as the Tektronix 512) con-
nected as shown in Fig. 2 is a convenient means

O EFFECTIVE LIFETIME ALIGNMENT CHART O

O ° T=25°C A=389 O

I. SET SWEEP TIME/CM TO I0psec./cm.
2.CALIBRATE VERT. DEF. SENSITIVITY T0 01 V/cM.

3. READ Te DIRECTLY IN pLSEC.

4. IF SWEEP TIME/CM IS AXIO;LSEC./CM AND VERT.DEF.
SENSITIVITY IS BXO. | V/CM,THEN MULTIPLY INDICATED

Te BY 4

g g. 3 - Reduced scale drawing of effective |ifetime
lignment chart for use with Tektronix type 512 oscillo—

scope.

(A full-scale reproduction of this chart may be
found on page 12).

for measuring the pulse current flowing through
the junction device. The 1.3-volt battery was
inserted in series with the diode to eliminate
a spurious voltage arising from the thermal
velocities of the cathode-emitted electrons.
A reversing switch is provided to accommodate
both n-type and p-type devices with a single
socket arrangement. Fig. 3 shows, in reduced
scale, a transparent alignment device with
which effective lifetimes can be easily and
quickly measured from oscilloscope displeys
of open-circuited junction voltages. The par-
ticular alignment device shown is calibrated
for use with the Tektronix 512 oscilloscope.

Theoretical Development

A theoretical interpretation of the ob-
served junction voltage can be made on the
basis of simple but approximate junction theory.
A p-n junction in which the conductivity of the
p-region is much greater than that of the n-
region, as in an alloyed junction of indium on
germanium,‘will be considered. In such a junc-
tion, the current flow across the transition
region of the junction is predominantly a hole
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flow, and holes are injected into the n-type
germanium. The results, however, will apply with
equal validity to a junction in which the con-
ductivity of the n-region is much greater than
that of the p-region. In this case, electrons
would be injected into the p=-type region.

Let p, be the hole density present in the
n-region under thermal equilibrium conditions,
and Ap be the additional injected hole density
in the n-region at the boundary of the junction
transition region. The total hole density at
the junction boundary will be

p = p, + Ap (1)

From the theory of the p-n junction®, the hole
density in the n-region at the junction boundary
is given by:

V/kT
eq /

P =P, (2)

where V is the junction voltage. Combining
Egs. (1) and (2) and solving for the voltage,

Ap

v 90 1+ 28, (3)
q

n

I f the assumption is made that the excess
carrier concentration, Ap, decays exponentially
according to a single effective lifetime, <,
then

—t/T,

Ap = Ap_e (4)
where Ap, is excess carrier concentration at
the termination of the forward current pulse.
Eq. (4) can be placed in (3). The constant
(1 + Ap,/p,) can be readily evaluated in terms
of the junction voltage, V_ , at t = o (this is
the junction voltage immediately before and
immediately after the removal of the forward
pulse — see Fig. 1), since

Vo = — In (1 + —=2) (5)

The open-circuited junction voltage as a func-—
tion of time is then

KT -
Vo= q_]n [1 5. (e Va KT 2] & t/Te] (6)

SWilliam Shockley, ELECTRONS AND HOLES IN SEMICON-
DUCTORS, D. Van Nostrand Company, Inc., p. 312, 1950.

For t/t, very small, and if, as usual, V0>>kT/)j\
Eq. (6) may be simplified to

~ kT
V= \ —Tt/’fe (7)

o

The initial voltage variation is linear with
time. The slope of the linear variation is a
measure of the effective lifetime.

At kT |

= - = - — X 8
N _J% AV q Slope of Linear Decay (8)
k

The values of At and AV may be read direct]
with the use of a calibrated oscilloscope.
Fig. 4 shows some typical voltage wave shapes
and some typical calculations for effective
lifetimes.

In those cases where the open-circuited
junction voltage does not exhibitawell defined
linear region, the effective lifetime can best
be determined by a somewhat different method.
[f t = v, is substituted into Eq. (6), then

qV,/kT
-—I In [1 + € . 1] (9)
e

The voltage V, can be obtained by measuremen"D
of the oscilloscope trace as shown in Fig. 1,
and the voltage corresponding to t = Te Can
then be computed with Eq. (9). Referring again
to the oscilloscope trace, the effective 1life-
time will then be that time corresponding to

Vigar -

the point at which the open-circuited voltage
has dropped to the computed value of V| - T

The basic p-n junction theory appliéd
above and based on Eq. (2) assumes that the
injected minority carrier density is small
compared with the majority carrier density.
Accordingly, accurate measurements of T, should
be made using small enough currents so that
this assumption is valid. However, if the
current is too small, a well-defined linear
region is not obtained and the second method
for measuring v, (Eq. 9) would have to be used.
For most of the devices that have been mea-
sured, a junction current of about 2 ma ha
been appropriate. When the junction current is
increased so as to invalidate the assumption
mentioned above, calculations similar to those
above can be carried out, but the results are
considerably more complex. The voltage decay
for this case, as viewed on the oscilloscope
will exhibit a "hump" separating two regions of
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Fig. 4 — Measurement of effective |ifetime emitter-to-base open-circuited

junction voltage.

approximate linear decay. The latter decay
corresponding to the region where the minority
compared with the

carriers are again small

majority carriers can be used for measurement.

As is implied above, the preceding analysis
does not possess a high degree of rigor. Only
the life history of the holes has been con-
sidered, of their decay has been
assumed forthright. D. 0. North, RCA Labora-
tories Division., Princeton, N. J., has examined
this problem Both
hole and electron carriers with independent
lifetimes are included. It
that the minority carrier density

and the mannet

in a more rigorous fashion.

is again assumed
is small
compared with the majority carrier density.
The results of this examination are too in-
volved to be reproduced here.
of North's solution indicates that as long as
the portion of the junction current due to
minority carriers (holes)
to the total junction current
1), then the resulting junction

However, a study

is approximately
equal (injection
efficiency, y, =
voltage decay will be that due to holes ir-
respective of the lifetime of the electrons.
Further, it appears that the method of mea-
suring lifetime discussed above should give
results that are more than adequate for en-
gineering purposes. the method of
measuring lifetime as discussed above has been
involved method of

Finally,

compared with another more

measurement, and good agreement between the

two methods of measurement has been obtained.

Lifetime Measurements

1. Typical Measurements

Measurement of effective lifetimes for
TA-153 transistors® will give results generally
ranging from 1 to 10 usec. Effective lifetimes
greater than 10 usec are generally rare. The
effective lifetimes with the collector employed
be slightly
is used due to more

as the emitter will larger than

when the normal emitter
favorable geometry’. Sample diodes made with
materials having volume lifetimes of 1, 4, and
700 usec gave effective lifetimes of 0.5, 3.4,
and 39.8 upsec, respectively. Effective life-
times as small as 0.01 usec have been measured
without difficulty.

It is
fective lifetime of theunits made from material
having 700 usec volume lifetime was measured as
only 39.8 usec. On the other hand, the effective
lifetime measured on units which were made from

important to observe that the ef-

eLB—-868, Germanium P-N-P Junction Transistors.

7LB-9I7, On the Variation of Junction Transistor
Current-Amplification Factor with Emitter Current.
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low volume lifetime material was quite close to
the volume lifetime. This behavior seems
reasonable if it is assumed that the effective
lifetime is a measure of the combined effects
of volume recombination and surface recom-
bination. In accordance with calculations for

simple geometries®, it seems reasonable to

assume that the effective lifetime, Tg, volume
lTifetime, Ty, and surface lifetime, Ty, are
related as
| | |
= —_ (10)

A

a
<

a

The surface lifetime, Tg, Will be dependent
upon the geometry and upon the surface re-—
combination velocity. For a fixed geometry, the
the effective lifetime together with the volume
lifetime (measured by conventional methods on
the bulk material) can be used for determining
a surface lifetime which is directly related to
the surface treatment. When the volume lifetime
is much larger than the measured effective
lifetime (as is usually the case in practicdl
device geometries), the effective lifetime is
very nearly a measure of the surface lifetime
and can accordingly be used as an index of
surface treatment.

2. Effects of Etching on Effective Lifetime

To observe the effect of surface treatment
on effective lifetime, two germanium alloy
junctions having 0.045-inch diameter emitter
dots, base wafer-thickness of 0.005 inch, and
volume lifetimes that were substantially dif-
ferent were dipped in an etch containing copper
nitrate for 15 seconds. This etch was chosen
because of its ability to produce a high sur-

®W. Shockley, op. cit., pp. 318-325.

face recombination velocity which has beer
reported® to be approximately 7400 cm/sec. It
was noticed upon removing the junction from the
etch that copper was deposited on the dot and
on the germanium surface. Following the etch
treatment, the effective life was measured and
indicated a substantial lower lifetime than
before etching. The copper was next removed by
an amnonia and hydrogen-peroxide solution, and
the unit was washed in distilled water. The
junction was then electrolytically etched in
1 per cent sodium hydroxide for two minutes at
2 ma current. Subsequent measurement of ef=
fective lifetime indicated a decided increase
from its previous value. The effective 1ifetime
was further increased by further electrolytic
etching; subsequent etching produced no further
increase in T.- The measured data for the se-
quence of etching together with reported®
values of surface recombination velocities
produced by these etching solutions on ger-—
manium are shown in Table |. The data in Table |
indicate that there is a close correlation
between surface recombination velocity and
effective lifetimes when the volume lifetime is
large. With the aid of Eq. (10), =5 = 39.5,
4.12, and 63.3 usec are obtained for the TA-153,
etch containing copper nitrate, and electro-
lytic etches, respectively. |f these surface
lifetimes are proportionally related to surface
recombination velocities as '

- = Ks (11)

values of the geometrical factor, K, can be
computed as 63.2, 32.8, and 63.2 cm~'. |f the

Ql.I3~—9I6, The Variation of Current Gain with Junction
Shape and Surface Recombination in Alloy Tramsistors.

Table |
Change in Effective Lifetime Values as a Result of Etching
SPEC IMEN Ty T, T, Tq Tq T,
Volume After Fabrication Dipped in Electrolytic Electrolytic Electrolytic
Lifetime Etched as per TA-153 Etch containing Etch Etch Etch
(See LB-868) Cu(NO,), 2 min. 2 ma. 5 min. 3 ma. 5 min. 3 ma.
s = 400 cm/sec s = 7400 cm/sec s = 250 cm/sec s = 250 cm/sec s = 250 cm/sec
T-6 4 upsec 3.4 usec 1.8 usec
T-61 700 wsec 37 usec 4.1 usec 40 usec 58 usec 58 usec
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second value is omitted, a geometrical factor
of 63.2 cm™* is applicable for the units des-
cribed above. Approximately the same geometrical
factor should be applicable to TA-153 units.
Data similar to that shown in Table | can be
used to obtain geometrical factors for dif-
ferent junction devices. After the geometrical
factor of the unit has been determined,

lifetime and volume

mea—
surements of effective
lifetime can be used for determining the sur-
face recombination velocity of completed or
partially completed units. Oftentimes only a
relative comparison of surface treatments is
desired. In this case, the geometrical
need not be determined. The surface

factor
lifetime

serves as an index of comparison.

3. Absolute Determination of Surface Recom-
bination Velocity

It is sometimes necessary to make a direct
determination of surface recombination velocity.
Thus,
be in question,
calibration.

the efficacy of the etching solution may
or a new solution may need

The absolute calibration can be made by

using a junction geometry amenable to analysis

as carried out by Shockley®®. Thus, for the
geometry as shown in Fig. 5,
1
s = T + 1 (12)
T s [ B c ]
2A —’
2C
EMITTER
/ CONNECTION
| A
L ﬁP /
BASE CONNECTION / INDIUM
GERMANIUM
WAFER
Fig. 5 — Device for direct measurement of surface

recombination velocity.

The dimensions of the sample are not critical.
I't has been convenient to use wafers whose
dimensions are 2A = (0,215 inch, 2C = 0.125 inch
and 2B = 0.005 inch. The 2A dimension should be
1oy, Shockley, "The Theory of p-n Junctions in Semi-
conductors and p-n Junction Transistors", B.S.T.J.,

Vol. 28, pp. 435-489; July, 1949. See also W.
Shockley, op. cit., pp. 318-325.

chosen several times larger than the volume
diffusion length. The 2B dimension should pre—
ferably be chosen so as to be the dominant term
in Eq. (12). In this case then, Eg. (12) is

valid as long as sgg-s 1 (D is the diffusion

constant for the minority carriers under con-
sideration).

As a typical example of the application
of this method of direct determination,
specimens were made with germanium whose volume
lifetime was 1, 700 usec. The effective
lifetime for these specimens averaged 36.5
Accordingly, using Eg. (10), Ty = 38.5
psec is computed. Finally, with the aid of
Eq. (12), s = 320 cm/sec is computed. The
surface treatment in question was an electro-—
lytic etch so that this value of s is in good

250 cm/sec that has been

several

usec.

agreement with s =

previously used (see Table 1|).

Measurement of Base Lead Resistance

In an alloyed junction device the base

lead resistance, is the majority carrier

r !
(ohmic) resistance g? the semiconductor between
the metallic contact to the semiconductor and
the region near the actual p-n junction. It is
an important factor in the performance of many

junction devices.

The method of measurement to be described
below measures a diode base lead resistance
which is generally different from that of the
corresponding device operating as a transistor.
This difference is due to the dissimilar current
distribution within the body of the semi-
conductor for diode and transistor operation.

The initial drop
junction voltage upon termination of the pulse

in the open-circuited

can be used for the measurement of the re-

sistance. The voltage, V corresponding to

b'b’

the drop across Fpp’ 1S shown in Figs. 1 and

4. |f the positive amplitude of the generator
pulse, Vg, is measured, then oo’ = Voo R/Vg,
where R is the current limiting resistance in

series with the pulse generator. This assumes
that the voltage drop across the 6AL5 tube, the
voltage across the junction, and the voltage of
the series battery are negligible in comparison
with the voltage drop across the current limit-—
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ing resistor. |f this assumption is not valid,
the junction current just before the pulse is
removed can be determined by measuring the
appropriate voltage across R with the aid of
the differential input to the Tektronix oscil-

loscope (see circuit of Fig. 2).

Observations of Reverse Bias Waveform

During the course of this work experi-
mental observations were made of the junction
recovery voltage under conditions of applied
In this case, a reverse bias
immediately after the

The junction

reverse bias. is
applied to the junction
termination of the forward pulse.
waveform under these conditions is observed on
an oscilloscope. This type of switched junction
operation has been investigated.®*’'? Since
the interpretation of the observed waveform
somewhat more complex than that of the open-
circuited case discussed above, this observa-
tion was not developed into a system for the
determination of minority carrier lifetimes.
However, qualitative observations made under
these conditions may be quite valuable, and
some cases this method of operation is a more
sensitive indication of whether or not minority
carriers are being A switch is in-
cluded in the circuit of Fig. 2 to enable this
observation to be made. This switch shorts out
the 6AL5 diode and bias battery and labeled
"plateau-diode out". The reverse bias is sup-
plied by a blocking condenser in the output of
the generator. This condenser becomes charged
during the forward pulse. After the forward
pulse is terminated, the charged blocking con-

denser applies a reverse bias to the p-n

is

in

injected.

is

junction.

Observations of the junction waveform
under the conditions of a reverse bias fol-
lowing a forward pulse (see Fig. 6) show first
an immediate drop in voltage after the termina-
tion of the pulse due to the base lead
This is similar to that discussed

Fe=
sistance.
e oM. Pell, "Recombination Rate in Germanium by
Observation of Pulse Peversed Characteristics",
Phys. Rev., Vol. 90, pp. 278-279; April 15, 19563.

2R, H. Kingston, "Switching Time in Junction Devices

and Transistors", Conference on Transistor Research,
Pennsylvania State College, July 6-8, 1953.
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Fig. 6 — Variation in plateau length of emitter
base voltage for different base wafer |ifetimes.

above in the case of the open-circuited junc-
tion voltage. This immediate drop in voltage
is generally followed by an extended period of
approximately zero voltage after which the
reverse voltage across the junction gradually
increases
recombine and permit the junction to be biased
in the reverse direction. The existence of the
indicates that minority
carrier injection has taken and the
length of this plateau depends upon the ef-
lifetime. These observations can be
in a qualitative manner to check for

in magnitude as the injected carriers

zero-voltage plateau
place,

fective
utilized
minority carrier injection and as a qualitative
observation of the effective These
effects are illustrated by the experimenta’
observations shown in Fig. 6. This figure shows

lTifetime.

)

9 ' P.D. =IOuS ))

)

)
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the experimental waveforms under the reverse

(j oias conditions observed on junction diodes
made from germanium having different volume
lifetimes. |t is seen that, for the unit made
from germanium having a volume lifetime of less
there

than 1 microsecond, is essentially no

11

plateau region. An appreciable plateau region
in the second case for the unit
having a volume lifetime between 3 and 5 micro-
seconds. a rather extended plateau is
observed in the third case for a unit made from

having a volume lifetime of 700 micro-

is observed
Finally,

material
seconds.

Sl 0. Vedohowden

Saul R.

J. Giacoletto

Lederhandler




