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A Contactless Method for High-Sensitivity Measurement
of p-n Junction Leakage

A contactless p-n junction leakage measurement method is described that uses low-noise vhf oscillator circuitry to
examine the dynamic memory-like behavior of the junctions. This method utilizes the eddy current loading effect, via
inductive coupling, in order to determine the leakage-dependent decay time of the photoinduced voltage across the
diffused p-n junctions. The contactless measurement is made under low forward bias conditions (<10 mV) such that this
measurement is a function of only generation-recombination processes in the junction depletion region. In the low-noise
circuitry, sensitivity is enhanced when the oscillatory amplitude is made directly proportional to the figure of merit Q of
the coupled oscillator resonant LC tank. This simple oscillator circuit contains only one JFET and a small nhumber of
inductors and capacitors, and is supplied by a constant-current source. Junction decay times between 107 and 1 s,
corresponding to junction leakages between 10™° and 107°Ajem?, respectively, have been measured and are in excellent
agreement with the derived theory showing the contactless decay time to be inversely proportional to the conventional

contacting reverse leakage.

Introduction

Dynamic memory storage devices such as single-cell p-n
junctions use the principle of charge storage, which is
achieved by momentarily impressing a high- or low-volt-
age state across each junction. This charge is maintained
by periodically sensing the state and restoring (*‘refresh-
ing’’) any small portion of charges that are gradually lost
due to various leakage mechanisms. Some examples of
leakage mechanisms are crystal defects, metallic impu-
rities, and inversion layers that are severe enough for the
charge state to be lost before being refreshed. While this
problem of the loss of charge state can be minimized by
arbitrarily increasing the refresh rate at the expense of
having less time available for actual memory use, it is far
more desirable to minimize the leakage mechanisms,
which typically originate during semiconductor wafer
processing. Any efforts to reduce and control these pro-
cess-induced leakages will, however, require some con-
venient in-process means of monitoring the leakage in
question. Conventional probing methods for determining
leakage pose monitoring problems in terms of 1) lengthy
measurement time required for probing a representative

number of junctions, 2) undesirable contamination and
damage from the probes, 3) inability to contact junctions
normally covered by dielectric layers during most of the
process, and 4) inability to measure extremely low-level
leakages that are easily rendered in error by background
leakage associated with the probing apparatus. In con-
trast, the above leakage-measurement problems can be
easily avoided with the noncontacting measurement de-
scribed in this paper, which features the dynamic memory
behavior of p-n junctions.

A very-high-frequency (vhf) oscillator, inductively
coupled to the wafer, is used to examine the median re-
laxation time of small photoinduced voltages across a plu-
rality of junctions in a noncontacting mode by means of
the eddy current loading effect. As will be shown, the
small photovoltage is a necessary restriction that in turn
requires extremely sensitive, high signal-to-noise (S/N)
circuitry, which exploits the so-called marginal oscillator
concept [1]. The goals of this paper are to demonstrate
theoretically and empirically that relatively voltage-inde-
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pendent leakage currents can be rapidly and conveniently
monitored by a noncontacting technique, and to present
the novel instrumentation required to practice this tech-
nique.

This technique has been practiced for several years as
an early in-line monitor in semiconductor bipolar logic
and static memory programs at IBM. It has been success-
ful as a means of detecting leakage problems such as
those associated with metallic contamination in epitaxial
silicon and reactive ion etching processes, with in-
complete collector-to-collector isolation, with defects
from oxygen precipitation in the bulk of the silicon wafer,
and with contaminants from wet chemicals commonly
used in semiconductor processing. However, the tech-
nique has not as yet been tried in a dynamic memory pro-
cess line, although we feel that examining dynamic mem-
ory product wafers with a technique based on dynamic
memory is fitting, and that it may prove to be as useful in
this application as it has been in other technologies.

Experimental procedures

o Contacting measurements

The reverse-leakage current of p-n junctions on each of a
number of wafers was measured by the conventional I-V
technique using a commercial picoammeter. Czochralski-
grown Si wafers (11-25 Q-cm, 82 mm in diameter,
0.4 mm thick) were fabricated with the configuration of
p-n junctions shown in Fig. 1. In addition to the many
small-area junctions on the wafers, several large test junc-
tions (=0.04 mm® in area) were used to provide leakage
currents high enough to be easily measured by the pi-
coammeter. Metallized platinum silicide contacts were
used to avoid point-contact diode effects between the
probe tips and the silicon. All junctions were formed with
an n* arsenic diffusion. A p-type isolation diffusion (not
shown) was used to avoid conductive surface channels
between the n* diffusions.

The reverse-leakage currents of three large test junc-
tions within the central 30-mm-diameter region of each
wafer were measured using contacting probes and the pi-
coammeter. The median leakage current obtained for
each wafer was used to represent that wafer in later com-
parisons with noncontacting measurements.

The leakage current was measured at a reverse bias of
0.1 V. This relatively low voltage condition was a com-
promise in terms of being large enough to measure re-
verse saturation leakage and small enough to minimize
field-enhanced leakage mechanisms. The reader is re-
ferred to the Theory and Discussion sections for more de-
tails.
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Figure 1 Configuration of the test junctions.

Light pulse
ArH

)

Wafer

L3

E;Oscillator coil g

=

g

<
I/USC

Time
. Inverting .
Oscillator-detector umplitliu? Oscilloscope

Figure 2 Block diagram of the tool used to measure contactless
p-n junction decay times.

e Noncontacting measurements

The contactless p-n junction decay time measurements
were performed with the inductive coupling *‘eddy current
technique’’ illustrated in Fig. 2. The figure shows a Si
wafer in close proximity to the coil of a vhf oscillator
whose LC tank Q-controlled amplitude is sensitive to the
changes in impedance produced in the p-n junctions when
they are perturbed by light (see Theory section). These
small changes in amplitude are converted to instantaneous
output level changes by means of self-detection in the
oscillator circuit and are then ac coupled to a high-gain
wideband inverting amplifier for subsequent display on an
oscilloscope. This oscillator circuit, which has been opti-

371

ROGER L. VERKUIL ET AL.




372

Light pulse

Photovoltage
14
VAN

(a)
+ 4+ + ++ o+ o+

P

Photovoltage
v
£\
C

Figure 3 The effect of light-induced p-n junction voltage on
eddy currents. (a) The solar cell effect; (b) the junction capaci-
tance effect on oscillator loading, where 7, the eddy current due
to emfs (not shown) from vhf coupling, is modulated by C

[=r(Ml

mized for high sensitivity to small impedance changes and
for low noise, is presented in detail in Ref. [2] and is sum-
marized in the Appendix of this paper.

No special sample preparation was required for the
contactless decay time measurement. The wafers were in
the same physical state as previously described for the
contacting measurement of leakage current. The central
30-mm-diameter region of each wafer was measured. This
area corresponds to the effective coupling area of the os-
cillator coil. The decay-time measurement was indicative
of the ‘“‘median-like’” decay-time behavior of every junc-
tion within the measurement area.

Each wafer was tested on the contactless eddy current
tool in order to measure the *'p-n junction decay time.’” A
light-emitting diode (LED) was used as the pulsed-illumi-
nation source. The red light (\ = 0.63 um), with a maxi-
mum penetration depth of =5 um, was used to excite
only the p-n junctions, not the bulk semiconductor mate-
rial, and had a pulse duration of 5 ms and an ‘‘off time”’
in excess of 1 s. The intensity of the LED was gradually
reduced to a level where the decay-time trace became ex-
ponential and the decay time constant 7 became inde-
pendent of further reductions in intensity. This procedure
ensured a peak photoinduced p-n junction potential of
=10 mV (see Theory section).

Theory

® Photovoltaic behavior of p-n junctions

When light impinges on a Si wafer that is populated with
p-nt junctions, the resultant electron-hole pairs generated
in junction depletion regions contribute to the creation
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of a forward potential across the junctions, as in the com-
mon solar cell effect. The light-induced forward potential
rises to an equilibrium value when the light is on and
decays to zero when the light is off.

o Eddy current loading effect

The ability to observe the photovoltaic behavior of p-n
junctions in a noncontacting fashion is due to the eddy
current loading effect that the p-n junctions impose on the
vhf oscillator circuitry discussed previously. The time-
varying magnetic field from the oscillator coil penetrates
the Si wafer and sets up time-varying electromotive
forces (emfs) according to Faraday’s law. The induced
emfs impart motion to free electrons and holes (eddy cur-
rent effect), which constitutes a power drain on the oscil-
lator. The sensitivity of the oscillator to such power
drains, due to its LC tank Q-controlled design, causes the
amplitude of the oscillations to be reduced in direct pro-
portion to the eddy current losses in the wafer. These
losses are a function of the induced emfs, the concentra-
tion and mobility of the free carriers, and eddy current
impedance paths including the p-n junction capacitive re-
actance.

® [mpact of p-n junctions.

As shown in Fig. 3, the p-n junctions are part of the im-
pedance path of the eddy currents. Therefore, variations
in junction capacitance C, as a function of the width of the
depletion region, cause variations in the power absorbed
by the wafer and thereby modulate the amplitude of the
oscillator. This depletion width is sensitive to small
changes in the light-induced p-n junction forward voltage
[3]. These variations in depletion width affect the power
absorbed by the wafer because of the following mecha-
nisms: 1) the electrical thickness and hence, the con-
ductance, of a wafer increases slightly when the depletion
regions are reduced by forward bias; and 2) eddy currents
due both to induced emfs across the high-resistivity side
of the junctions and to emfs across the n* diffusions flow
through the capacitive reactance of the p-n junctions and
result in an absorbed power increase when the junction ca-
pacitance is increased by forward bias. The dominant ef-
fect in our experiment was due to eddy currents from the
substantial emfs across the n” diffusions. This increase in
current provided a S/N advantage that would not have
been possible had we chosen capacitive, rather than in-
ductive, rf coupling from the oscillator to the wafer. The
contributions from the other mechanisms suffered from a
low forward bias constraint and from the relatively lower
emfs across the high-resistivity side of the junctions.

o Model of decay transient

Illumination is used to set an initial forward potential
across the junctions; this potential then decays when the
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Figure 4 A comparison of the experimental (data points) and theoretical (—) (a) forward and reverse I-V characteristics of a typical p-n
junction used in the study, and (b) relationship between the junction reverse current density (contacting measurement) and the p-n

junction decay time (contactless measurement).

light is turned off. In our model this potential was consid-
ered to result from momentary contact to an external
voltage source. An equivalent circuit of the p-n junction
would contain a parallel combination of the initial forward
voltage source V, the voltage-dependent capacitance C
(F-cm™2), and the current density J of the junction, where
J is assumed to obey the ideal diode law,

J =J,[exp (qV/kT) — 1], n

where J is the reverse saturation current (A/cmz), qis the
electron charge (1.602 x 107 C), k is Boltzmann’s con-
stant (8.62 X 107> eV/K), and T is the absolute temper-
ature (K). This assumption is borne out by the excellent
fit between Eq. (1) and the experimental -V character-
istics; see Fig. 4(a). The same value of I, (= J, times the
junction area A) was used to fit Eq. (1) to the forward and
reverse data. The initial voltage across the junction V
decays as a function of C and J.

The desired reverse leakage current to be measured in a
noncontacting fashion is J,. In order to determine J, it is
necessary to establish a common physical basis between
the contacting and noncontacting measurements. The to-
tal reverse (forward) current of a p-n junction in general
can be approximated by the sum of diffusion components
in the neutial regions and generation (recombination)
components in the depletion region [4]. For Si at room
temperature, the reverse current of a p-n junction is pri-
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marily due to the depletion-region component [5]; how-
ever, for forward current this component is dominant
only for very small bias conditions [6]. Therefore, in or-
der to have this common physical basis (i.e., a strong de-
pendence on depletion-region properties) for both types
of measurement, a V < 10 mV was chosen for the model.

The very small V required yields additional advan-
tages. The voltage-dependent junction capacitance be-
comes virtually constant because the total change in C <
1% for the 10-mV excursion. Equation (1) also simplifies
toJ=JqV/kTfor V, = 10 mV < kT/q. Lastly, the model
becomes independent of V, (to be shown), which aids
measurement reproducibility and simplifies the testing
procedure.

By taking advantage of the above simplifications, we
can now proceed with a basic circuit theory approach to
develop an expression for the appropriate decay tran-
sient. By differentiating Gauss’ law,

Q=0Cv, 2

with respect to time ¢, we get

J=C v +V ac 3)
T dr dt

By approximating for very low bias (V < 10 mV) Egs. (1)
and (3) can be reduced to
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J=JqV/kT and
J=CdV/dt. 4

Setting these equations equal to each other and solving
for V, we get

V=V, exp (—t/1), &)

where the time constant 7 (in s) is given by CkT/J g. Fi-
nally, by rearranging the expression for 7, we get

J, = CkT/qr. ®)

Equation (6) is the model that describes the expected the-
oretical relationship between the contacting reverse junc-
tion leakage current J; and the contactless measurement
7, where 7 is defined as the p-n junction decay time. More
specifically, r is the time for a decay-time trace, as viewed
on an oscilloscope, to decay from its initial amplitude to
approximately the 1/e point (=37%). When such decay-
time traces are plotted on a semilogarithmic scale, true
exponential behavior is observed (straight lines) as pre-
dicted by the model.

e Results vs model

We now obtain the specific form of the model for our ex-
periment by substituting the appropriate values of all con-
stants in Eq. (6). For the junction capacitance C, an
abrupt junction value is used because of the step-like na-
ture of the n* arsenic diffusion. The value of C corre-
sponding to a p-type wafer background concentration of
10" atoms/cm’® was used, yielding J, = 2.5 x 107""/7
A-cm .

The above model and the experimental data are plotted
in Fig. 4(b); there is agreement between the model (solid
line) and the experimental data points over a current
range of approximately four decades.

Discussion

A number of considerations influenced this experiment.
The possible influence of bulk detrapping effects on junc-
tion decay time was minimized by the shallow penetration
depth of the red light used. A completely darkened envi-
ronment was used to prevent stray light from interfering
with the photovoltaic behavior from the low-intensity
pulsed light source. A readily detectable signal was ob-
tained by using high S/N circuitry in combination with
increased junction eddy current from vhf inductive cou-
pling. Additionally, erroneous surface leakage paths were
eliminated with an isolation diffusion. Overloading of the
LC tank Q-controlled oscillator was prevented by choos-
ing small n* diffused regions (typical LSI situation),
which minimized steady-state eddy current losses. A
wide range of leakage values was obtained by using iron
contamination and oxygen precipitation to create high
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and intermediate leakage values, respectively. Temper-
atures greater than room ambient were avoided in order
to maintain the desired measurement sensitivity to the de-
pletion region (generation-recombination regime) as op-
posed to the neutral region (diffusion regime). The sam-
pling plan assumed a fair degree of leakage uniformity
from junction to junction, which proved to be more valid
for the lower-leakage wafers. Field-enhanced reverse
leakage effects were minimized by using the low bias of
100 mV. For a higher (and more typical) bias of several
volts, these effects, which could not be explained by the
resultant increase in the depletion width of the junction,
tended to make the contact-determined leakage of high-
leakage wafers exceed the predictions based on con-
tactless measurements. We speculate that this behavior
was due to field-enhanced defect leakage from Fe and O
contamination enhanced by the high-perimeter field re-
sulting from the close spacing of n*-p* diffusions in our
samples. Preliminary studies in which this spacing was
increased showed similar good agreement between theory
and data at higher reverse bias.

There are a few other areas of investigation that might
be pursued in a similar contactless fashion: e.g., examina-
tion of bulk phenomena by adjusting measurement condi-
tions for operation in the diffusion regime, determination
of resistive leakage, and reduction of coil or light-spot
size to examine nonuniformities in leakage distribution.

We believe that our work demonstrates the ability for a
noncontacting leakage measurement to be a good sub-
stitute, under appropriate conditions, for the more con-
ventional contacting method. In addition, it is expected
that this method could in some cases prove superior for
ultralow-level measurement applications where con-
tacting methods are hampered by stray leakage, and sam-
pling problems associated with maverick leakage paths (a
function of increasing junction area). The speed, ease,
and extendability of the contactless measurement in gen-
eral is compatible with the need for rapid, nondestructive
diagnostic tools in an integrated-circuit process line.

Conclusions

Under low bias conditions, good agreement was obtained
between contactless and contact methods of measuring
p-n junction leakage currents. Both methods are keyed to
the generation-recombination processes in the depletion
region, which allows the theoretical treatment to be
straightforward and shows excellent agreement with the
experimental data.
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Appendix: Oscillator detector circuit discussion

This appendix is a summary of the circuit principles and
analysis of the apparatus on which the reported measure-
ments were made. For these measurements, the time var-
iation of voltage displayed on an output oscillograph is
shown to be directly proportional to the time variation of
photoinduced conductivity in a wafer electromagnetically
coupled to a vhf oscillator coil. Since the photoinduced
conductivity change is approximately four orders of mag-
nitude smaller than the wafer conductivity, high sensitiv-
ity and low noise are design requirements; ability to fol-
low conductivity changes from microseconds to many
tenths of seconds requires broad-band design. The fol-
lowing sections address the dependence of oscillator tank
Q on wafer conductivity, of oscillator tank voltage on Q,
and of detector output voltage on tank voltage. By com-
bining these relations one can predict the overall transfer
function, the oscilloscope output as a measure of wafer
conductivity.

& Wafer conductivity and tank Q

When a semiconductor wafer is in proximity to an ener-
gized resonant LC tank circuit, the oscillating magnetic
field of the inductor induces voltages that produce eddy
currents within the semiconductor. The resulting power
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loss in the semiconductor may be considered as power
dissipated in a resistor added in series with the coil induc-
tance. Quantitatively, if at resonant angular frequency w
the uncoupled Q of the parallel LC tank is given by Q' =
oL/R_ (R, is the series ac resistance of the inductor and
capacitor), then the value when coupled to a wafer be-
comes @ = wL/(R, + R). Let R, the reflected resis-
tance due to the wafer, be equal to R + r, where R is due
to the wafer in the dark and r is the additional resistance
caused by photoconductivity effects and their variation
(decay) with time. Letting Q; = wL/(R, + R)), O =
Q1 — (r/R) + higher-order terms]. Since r << R, one
observes that photoinduced lowering of Q is directly pro-
portional to the photoinduced increase in wafer con-
ductivity; i.e.,

AQ =~ kyr. (A1

& Oscillator gate voltage amplitude

The basic oscillator-detector circuit [shown in Fig.
Al(a)] is designed such that at resonance, wL >> R
and its tank circuit has impedance Z = Q(L/C)'* at
@ = 1/[2m(LC)"*]. With the ground tap at the electrical
center of inductor L, the impedance driven by the transis-
tor drain is Z = [Q(L/C)"*]/4. If the drain approximates a
constant ac current generator i, = I, sin wt, the gate volt-
age will be v, = V, sin wt, where v, = [QI,(L/C)"*]/4. For
an idealized depletion-mode JFET transistor with thresh-
old voltage V, and transconductance g, the drain current
will be a train of cosine pulses of conduction angle ¢.
Only the Fourier fundamental component (identified
by subscript 1), which is at the tank resonant frequency,
influences v,, since tank impedance is essentially zero
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Figure A2 The oscillator-detector I-V relationships. The slope
of the i-v, transfer line shown is equal to g _[1/(1 + g, R)], ¢ is the
conduction angle, i, = {, sin w?, and v, = V, sin w. Note that the
threshold voltage V is negative.

at all higher harmonics. Thus, I, = I{[2 cos (¢/2)]1/[1 —
(¢/m)’]}, where I is the steady current delivered by the
constant-dc-current generator. If we let [2 cos (¢/2)]/
[1 = (¢/m°] = 2V, then V, = (¥QI/2)(L/C)'" and for
operating ranges over which there is very little change in
W, one observes that

V, ~ k0. (A2)

e Oscillator-detector circuit analysis

In making decay-time measurements the linearly ampli-
fied output voltage V, of Fig. A2 is observed. As we note
from Egs. (A1) and (A2), the observed signal will closely
represent changes in wafer conductivity, provided the cir-
Cuit response is

V,= k3Vg. (A3)

This is confirmed both analytically and experimentally.
For design optimization, one also needs quantitative rela-
tionships among V,, tank Q, constant dc¢ current saurce /,
resistor R, and the ideal JFET parameters V, and g, .
These relationships are determined by solution of a pair
of simultaneous transcendental equations derived as fol-
lows. In Fig. A2, gate current will begin when v = 0, at
which point i = —g_V; for the conductivity range below
this value i = g (v, — V) and i = 0 whenever (v, — V,)
is negative. For the operating region with drain p¢tential
always higher than the source potential and v, <i0,

v, =V, + iR + v, (A4)

Thus one obtains
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13
i =[v, = (V, + V)] —2—. AS
=l = VRl (AS)
Figure A2 also shows the relationships involved in this
equation, while graphically identifying the conduction
angle ¢ and the fundamental component /, of drain cur-
rent i.

Since no net charge is “‘lost’” in C during each cycle,
the transistor current pulses i flowing during conduction
angle ¢ carry the same charge as the constant current /
flowing during § = 27 radians; i.e.,

Lo 1 e
1=;L ldO—ZT‘J o i d. (A6)

ST

Substituting (A5) into (A6) and using v, = (VQi/2)
x (L/C)"* sin wt, one obtains

1/2 -
. - WOIL/C)™ sin (¢/2) Vt_2_7T1 (L + R). (A7)
¢ ¢ \&,
This transcendental equation is one of two that must be
solved simultaneously to determine oscillator ¢ and the
resulting detector output V,, where other parameters are
fixed. The second equation also derives from (A4). The
onset of transistor conduction each cycle, with i arbi-
trarily close to zero, occurs at wt = (w/2) — (¢/2); sub-
stituting this value and the term for v, just given into
(A4) gives

\I’Ql L 1/2 d)
V, = T (E) cos E - V. (A8)

Simultaneous solution of (A7) and (A8) for any desired
valuesof g, V., ¥Q, I, R, L, and C allows analysis (or
optimization) of design. To accomplish this, a computer
program was prepared that, for an entered set of desired
circuit values, solved these equations separately for a
succession of values of ¢ and compared the resulting V,
values obtained. This was continued until the (¢, V) pair
providing the simultaneous solution was found.

An example of computed solutions is given in Fig. A3(a),
for which the parameter values of one of our 150-MHz
test instruments were entered into the program. Results
of the three sets of calculations are shown, each set being
solved for ¥ products of 40, 80, 120, 160, 176, and 200.
The linearity of the experimental data points is essentially
indistinguishable from these computed data for I = 2 and
3mA. For] =1 mA, the actual transistor g, has begun to
drop below the ideal assumed value, giving expected
lower sensitivity. Normal operation is at / = 3 mA.

& Practical circuit configuration

Figure Al(b) shows the schematic diagram of the final in-
strument. Component values are shown for the oscillator-
detector portion; the remainder is a conventional circuit
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low-noise broad-band preamplifier with maximum gain =
100 to drive the oscilloscope. The preamplifier input tran-
sistors are a matched JFET pair (dual 2N5163). This dis-
crete component design was chosen since all integrated
circuit operational amplifiers that we tried produced sig-
nificantly higher output noise levels. When operating with
detector output ¥V, =~ 10 V, the oscilloscope baseline in-
dicates = 1-2 mV of noise with preamplifier gain = 100.
Thus, the detector output noise is of the order of only 10-
20 uV. Typical photoinduced wafer conductivity changes
produce signals of <0.5 mV at V,. Even if Fig. A3(a)
showed significant nonlinearity, this small fractional
change in V,, and thus in Q, would provide an almost
ideal instrument transfer function. More detailed informa-
tion on design considerations and operating constraints
for this instrument is given in Ref. [2].

& Practical instrument response

Considering Eqs. (A1)-(A3), one expects that the ob-
served output voltage of the instrument should be a linear
function of the conductivity of wafers coupled to the in-
put. The preceding analysis indicates why this ex-
pectation is reasonable. Figure A3(b) is a plot of experi-
mental data confirming the overall system linearity. As an
indication of instrument sensitivity, note that the os-
cilloscope gain is normally set to display any 500-,V por-
tion of the vertical axis.
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(b) Oscillator sensitivity to single wafer loading. The AV equals
the change in the digital voltmeter (DVM) reading when a wafer
is placed on or removed from the instrument, where the coil-
wafer spacing = 3 mm; the data points indicate single wafer AV,
values.
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