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Properties of lon-Implanted Junctions in
Mercury-Cadmium-Telluride

A. KOLODNY anp 1. KIDRON, MEMBER, IEEE

Abstract—The formation of n-p junctions by ion-implantation in
Hgy, 71 Cdg 20 Te is shown to be a result of implantation damage. n-p
photodiodes have been made by implantation of Ar, B, Al, and Pin a
p-type substrate with acceptor concentration of 4 X 10® em™. The
implanted n-type layer is characterized by sheet electron concen-
tration of 10'* to 10'® ¢m™ and electron mobility higher than 10°
em? - V71 .57}, for ion doses in the range 10'3-5 X 10'* em™. The
photodiodes have a spectral cutoff of 5.2 um, quantum efficiency
higher than 80 percent, and differential resistance by area product
above 2000 @ - cm? at 77 K. The temperature dependence of the dif-
ferential resistance is discussed. The junction capacitance dependence
on reverse voltage fits a linearly graded junction model. Reverse cur-
rent characteristics at 77 K have been investigated using gate-controlled
diodes, The results suggest that reverse breakdown is dominated by
interband tunneling in field-induced junctions at the surface, for both
polarities of surface potential.

I. INTRODUCTION

HE TECHNIQUE of ion implantation has a special
advantage over methods based on diffusion for fabrica-
tion of p-n junctions in Hg; ,Cd,Te, since it permits precise
control of junction depth, allows usage of various dopants,
and avoids heating of this metallurgically sensitive material.
Ion-implanted photodiodes have been reported by several
authors [1]-[8]. In all of the reported devices n-type layers
were formed on p-type substrates by implantation of Hg [3],
[4], In [2], Al [1], B [6], [7], or bombardment by protons
[8]. Some authors mention that post-implant annealing at
room temperature was sufficient for junction formation
[3]-[5]. Often n-p junctions in HgCdTe are characterized by
soft breakdown at relatively low reverse bias. In addition,
their differential resistance by area product is, in many cases,
limited by shunt conductance attributed to surface leakage.
This work reports further experimental results on implanted
n-p junctions in Hgg 7;Cdg 29Te. Our results indicate that
implantation damage is the primary cause for conversion of
p-type HgCdTe to n type. In fact, we have obtained essen-
tially the same results by implantation of boron and aluminum
(which are known to be donors [9]), argon (which is chem-
ically neutral), and phosphorus (known as an acceptor [9]).
An account of the implantation effects is given in the follow-
ing section. Electrical and electrooptical properties of the
devices are described in subsequent sections. The temperature
dependence of the differential resistance by area product,
which is the key parameter for photovoltaic detector per-
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TABLE 1
PropERTIES OF JON-IMPLANTED LavERrs IN p~TyPE Hgo.71Cdo.2sTe AFTER
ANNEALING FOR 12 h aT 65°C

ImplantediEnergy| Dose |Number of carriers per unit{Effective carrier mobility

Ion area in the implanted layerjin the implanted layer
(keV) | (em™2) (em™2) (em?. Vot sec™y

8 100 | 10'3 a-type, sxiolt 2500

8+ 100 | 10 -type, 6x10** 1700

B 100 |sx10'* n~type, 6.25x10%% 1230

p* 300 | 10 n-type, 6.25x10%% 940

At | 300 | 10Y n~type, 6x10°% 1000

formance, is studied. At temperatures above 150 K the RoA
product is governed by carrier diffusion from the p-type bulk,
and is limited by low minority carrier lifetime. Between 150
and 115 K, the limiting mechanism is generation-recombination
in the junction depletion region. Below 115 K, the R4
product is dominated by surface leakage currents. The origin
of reverse breakdown and leakage current has been investi-
gated using a gate-controlled junction device. From the de-
vice characteristics we conclude that leakage and breakdown
are probably caused by tunneling of carriers to field-induced
junctions near the surface,

II. EFFECTS OF IoN IMPLANTATION ON p-TYPE HgCdTe

The starting material in our experiments was p-type
Hgo 71 Cdo 29 Te grown by the method of solid-state recrystal-
lization [21]. Wafers of random orientation were annealed at
approximately 350°C [22] to obtain carrier concentration in
the range 1-5 X 10*¢ ¢cm™, caused by native defects, and Hall
mobility of 250 cm? - V™ -5 at 77 K. Implantation of B,
Al, P, and Ar was performed at room temperature with doses
of 10'3-10'% cm™ and energies of 100-300 keV. An n-type
layer was formed on the surface by all the implantations at-
tempted, as was evident from van der Pauw, photovoltaic
effect and hot probe measurements at 77 K. The layer re-
mained n type after annealing in vacuum at temperatures as
high as 140°C. Results of several implantations are sum-
marized in Table I.

The ion energies in Table I were selected in order to obtain
approximately the same range in all cases. Ion energy was
varied in implantation experiments performed at this labora-
tory on n-type Hgg sCdp »Te [12], and was found to have
only a small effect on the properties of the implanted layer.

The junction depth was typically less than 1 um, based on
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mesa etching measurements. This is in agreement with calcu-
lated values [10] (e.g., 100-keV B™ ions have a mean range of
0.23 pm and straggle of 0.14 um in Hgy 7; Cdg 20 Te).

The mobility and number of electrons in the implanted layer
were measured by the van der Pauw method. The measured
quantities are

o 7 2y ne)
g\_1 Yo
<-;]—>_ 1 [ij H(x) n(x) dX]2 »
(4]
Xj
@ xp=a [ wexnee)as )

where Ry and 0 denote average Hall coefficient and specific
conductivity, u(x) and n(x) are mobility and carrier concentra-
tion at depth x, and x; is the junction depth. Assuming a
constant effective mobility throughout the implanted layer,
the number of carriers in the layer is [q(RH/x,)] !, and the
effective mobility is [(RH/x]) (G- x;)]. Measured values of
mobility were typically in the range 1000-2000cm? - V™! - 71,
The number of electrons in the implanted layer was 10** to
10'% ¢m™2, almost independent of the implanted ion dose.
For small ion doses, the number of electrons in the layer
exceeded the number of implanted ions by an order of magni-
tude. The effective concentration of donors near the surface,
as determined from C-V characteristics of MOS capacitors
(deposited on the surface with anodic oxide as insulator [11])
was found to be 1-3 X 10'® cm™3

We conclude that n-type conductivity stems from ion implan-
tation damage. This is based on the following cbservations:

1) The implanted layer parameters are not sensitive to the
implanted ion identity and dose.

2) The number of carriers in the layer exceeds the number
of implanted ions.

3) The layer is converted to n type without thermal
annealing.

Other authors [3]-[5] have observed the lack of sensitivity
of the layer properties to implantation parameters. The very
small ion doses (10'2-10!® ¢m™?) used by some authors [4],
[5] to fabricate n*-p junctions also support our results.
The same conclusion has been reached concurrently at this
laboratory [12] in implantation experiments on n-type
Hgo s Cdo » Te.

Thermal treatment at 60-80°C caused a slight increase in the
layer carrier concentration and mobility. The implantation
effects were not annealed out in vacuum at temperatures as
high as 140°C. Normally, HdCdTe devices are not heated
above 100°C during processing.

II1. JuNcTiON PROPERTIES

Both planar and mesa structure n-p photodiodes have been
studied. Mesa devices were made by implanting on a bare
surface and then using chemical etching for element separa-
tion. Evaporated ZnS was used as an insulating passivation
layer and antireflection coating. Contacts to the implanted
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Fig. 1. (a) Cross-sectional diagram of the implanted diode. (b) Current-
voltage characteristics of argon-implanted Hggy 7;Cdg 29Te np dlode
at 84, 121, 160, 189, 208, and 219 K. The 1mplanted dose 1s 10
em™2 with energy of 300 keV, into a substrate with 4 X 10%°
acceptors. The junction area is 7 X 10 5 em (© Forward and
reverse current-voltage characteristics of the same device, without
background photon flux.

-05

devices were made by etching windows in the ZnS and evapo-
rating indium. Planar devices were made by performing the
implantation through openings in thick photoresist. A cross-
sectional diagram of the device is shown in Fig. 1(a).

Fig. 1(b) shows typical current-voltage characteristics of a
diode made by argon implantation, at several temperatures in
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the range 84-219 K. Very similar results were obtained by
implantation of other species. Forward and reverse charac-
teristics of this diode at 77 K are plotted in Fig. 1(c) on a
semilogarithmic scale, The forward characteristics fit an
exponential dependence of the form Iz =1, exp (qVg/nkT)
with n = 1.5. The deviation from the straight line is due to a
series resistance of about 500 £, so there may be a sizeable
error in 1. The series resistance is caused by the indium con-
tact to the substrate. Reverse characteristics of the diode
exhibit soft breakdown at relatively low voltages. It is dif-
ficult to define a breakdown voltage because .the reverse
current is increasing continuously, as may be seen in Fig.
1(b). By illuminating the diode, the reverse current increases
by a constant amount irrespective of the reverse bias. If the
“breakdown” were due to avalanche multiplication in the
whole junction area, an amplification of the photocurrent at
high reverse bias would be expected. In addition, the smooth
continuous dependence of the reverse current on reverse
voltage is not typical of an avalanche process. These observa-
tions, together with results on gate-controlled devices de-
scribed below, indicate that tunneling near the surface at the
circumference of the junction is very likely the cause of
reverse current breakdown.

Measured junction capacitance at 1 MHz was measured at
77 K with a Boonton 71A and was found to fit a linearly
graded junction better than an abrupt junction model, as
can be seen from the slopes and intercepts in Fig. 2. Also,
the zero-bias capacitance of 6 X 107® F:cm™ was lower
by a factor of 3 than the value calculated from substrate
doping assuming an abrupt one-sided junction.

Differential resistance at zero bias, which effects photodiode
noise, was measured versus temperature on a diode identical
to the one of Fig. 1, but covered by metallization to prevent
photon-induced currents. Fig. 3 shows the differential resis-
tance by area product versus reciprocal temperature. Also
shown are the theoretical curves according to a diffusion

model and a depletion-region generation-recombination
model.
Diffusion Model

In the diffusion model, we assume that the current density
obeys the ideal diode relation

J=Jy exp (qV/kT) (3)
so that the RoA product is
14 kT
P =— 4
(RoA)aiss YA “)

Jo is the sum of diffusion current densities of minority carriers
from both sides of the junction. The contribution of minority
holes from the implanted layer to J, is, assuming a step
junction

2
P D S
op = 45p Np Lp'tanh(x,-/Lp)

where D, is the diffusion constant for holes, #; the intrinsic
carrier concentration, Np the donor concentration, x; is the
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Fig. 2. 1/C,2 and 1/ C? data versus reverse bias, 1/C]3 gives a reasonable
intercept “voltage below the bandgap. Junction atea is 5.7 X 10™%
cm*, implanted with boron, 5 X 1014 cm™, 150 keV.
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Fig. 3. RpA product asa function of temperature for an argon-implanted
diode with zero background. Also shown are theoretical values for a
diffusion model (continuous lines) and generation-recombination
model (dashed lines), for a few values of minority-carrier lifetime.

junction depth, and L, is the diffusion length. L, depends
on the holes lifetime, which is expected to be dominated by
Auger recombination. By evaluating (5) at 200 K, using
Np =10'® cm™ (the calculated Auger lifetime [23] is in the
order of 107!° s), and assuming D,=26 cm? 57! we can see
that J,  alone would lead to' RoA4 of about 5 £ - cm?, which
is higher than the measured value. Hence we assume that the
contribution of the n side to J, is not a limiting factor. The
contribution of minority electrons from the crystal bulk is

n? n? (D, \?
et 22

6
L S v ©

where L,, = (D, - 7,)"? is the diffusion length for electrons.
The corresponding RoA product is

kT Ny <r,, )‘/2 _1 4 <kT T )1/2
qz ntg D, q nlg 4 Hp ’
The dominant temperature-dependent parameter in this ex-

pression is n7. Equation (7) is plotted in Fig. 3 (continuous
lines) for various values of the electron lifetime 7,,, using

(RoA)gits = )
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Ny =4X10'% em™, u,=2X10%* om? -V~ 57!, and as-
suming that all the parameters except #; are temperature
independent. A recent expression [13] for n;(T") has been
used in the calculation

1.265 X 1016 T32(6 + x)/2 EY?

4kT
Ry4

<K 2qJg =29*ndg (11)

where ¢p is the background photon flux per unit area, 7 is the

ni(x, 1)

where
Eg(x,T)=6.006 X 10™7(1 - 1.89x)

+1.948x - 0.337 (eV). (9)

In comparison with an earlier expression given by Schmit
[24], (8) yields n; values which are smaller by a factor of
about 1.5 for x =0.29. However, this expression was pre-
ferred since it is based directly on Hall measurements per-
formed on n-type samples of this composition. The best fit
was obtained for mj/m, = 0.9 [13].

Depletion-Region Generation-Recombination Model

The RyA product due to generation-recombination (g-r)
in the depletion region via Shockley~Read-Hall centers located
near midgap is [14]

VbiTo

Rod)g = W

(10)
where 7, is an average carrier lifetime, V3; is the built-in
potential, and W is the depletion-region width. The value of
Vyi/ W changes only by a factor of about two over the whole
temperature range of interest, so that V;; and W may be calcu-
lated from C-V measurements at 77 K without introducing a
significant error. Resultant values are plotted in Fig. 3 (dashed
lines) for several values of 7. A continuous transition from
the diffusion model to the g-r model is indicated, assuming
that 7y coincides with the bulk lifetime 7,,. The dominant
process at each temperature is the one which gives the lower
Ry A product.

A comparison of the experimental data with theoretical
curves in Fig. 3 shows that at elevated temperatures the RyA
product of our devices follows the slope predicted by the dif-
fusion model, ie., varies with temperature as #;%, which is
approximately proportional to exp (Eg/kT). At intermediate
temperatures, the Rg4 product follows a slope corresponding
to n7*, as in the g-r model. At low temperatures, the theory
predicts higher values than those observed experimentally,
and this is probably due to leakage currents, discussed in the
next section. We may conclude that our devices are diffusion
limited above 150 K and generation-recombination limited
between 150 and 115 K. The measured RyA4 values cor-
respond to a relatively low bulk lifetime of about 107 5. Mea-
surements of effective lifetime in p-type samples (based on
photoconductivity experiments between 77 and 250 K) give
results in the range 5-20 X 107 s which is in general agree-
ment with lifetime as deduced from diodes made on similar
substrates.

For background-limited performance of a photodiode at a
given temperature, its RgA4 product should satisfy

1 [1+194(6 + %) (mme)PPEU? exp (Eg/kT)] !/

(cm™) ()

quantum efficiency, and Jz is the background-induced short-
circuit current density. For prescribed cutoff wavelength and
operating temperature, the molar fraction x of the material
and the minority-carrier lifetime required to achieve such
performance may be calculated from (7)-(11). An Rod
product above 15 £ -cm? at 200 K detector temperature
is desired for background-limited detection at 5 um, with
180° field of view at 300 K. The bulk lifetime of an n*-p
photodiode should.exceed 107 s to achieve this. Such elec-
tron lifetimes have not been reported for p-type Hg;.,Cd, Te
[6], [15]. Current n-type Hgg -1 Cdg 29 Te with electron con-
centration of about 5 X 10'* cm™ exhibits hole lifetime of
the order of 107 s in the temperature range 77-220 K [23],
[25], in consistency with Auger recombination theory [23].
This suggests that a p*-on-n-type bulk diode could yield the
afore-mentioned required RyA product for background-
limited operation.

IV. ELECTROOPTIC PROPERTIES

The relative spectral sensitivity, as measured on a typical
diode, is shown in Fig. 4 in relative units per watt of incident
radiation. The measurement was performed at a reverse bias
of 75 mV, using a transimpedance amplifier. The photo-
current is divided between the differential resistance of the
junction and the parasitic series resistance, so that with zero
bias at elevated temperatures the quantum efficiency ap-
parently decreases as the differential resistance becomes
smaller. Measurement of responsivity at reverse bias, so that
the differential resistance is relatively high, indicates that the
quantum efficiency slowly increases with temperature almost
up to 300 K. This behavior is believed to be a result of an
increase in diffusion length for electrons in the p-type sub-
strate, mainly due to an increase in electron lifetime. Such a
dependence of lifetime on temperature was found in our
photoconductivity experiments on p-types samples. Similar
results were reported also from switching experiments on
Schottky-barrier diodes made on p-type HgCdTe [26], and
attributed to Shockley-Read~Hall recombination mechanism.

At 77 K the diodes had a spectral cutoff of 5.2 um, quantum
efficiency of 84 percent, RoA product of 2.3 X 10*> Q - cm?,
and specific detectivity of 1.7 X 10'! cm - Hz!/2 - W™ at 4.5
um with 84° field of view and 300 K background, measured
at zero bias with chopping frequency of 2.5 kHz. This result
approaches the background-limited value for these conditions,
which is 2.4 X 10" cm - HzY2 - W', At reverse bias the
detectivity is lower because of low-frequency noise having a
1/f spectrum. The origin of this additional noise is not well
understood at the present. It may be related to the origin of
reverse current breakdown discussed in the next section, or
to the contacts. The zero-bias detectivity at temperatures
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diode no. 11/ 79023
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Fig. 4. Relative spectral response per watt of incident radiation at

several operating temperatures. The cutoff wavelength decreases as
the bandgap increases with temperature.
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Fig. 5. Layout of the gate-controlled diode. The junction area is
2.88 X 107 cm?, total periphery is 720 X 10™* cm, and gate-
controlled periphery is 260 X 10™% cm. The diode is covered by
5000 A of ZnS. The implanted ion is boron, 10'% cm™, 150 keV.

higher than 160 K is limited by the diffusion current noise
from the bulk,

It is interesting to note the dependence of cutoff wavelength
on the operating temperature of the diode. We may define the
experimentally observed cutoff as the wavelength at which
responsivity falls to half its peak value and compare it to
helEq(T), where Eg is given by (9). It comes out that the
cutoff wavelengths expected from (9) are shorter than the
experimental by 0.23-043 um over the temperature range
77-200 K. This difference suggests that there may be a
distinction between n-type and p-type material, since (9)
was calculated from optical absorption in un-type material
of the same composition.

V. GATE-CONTROLLED DIODES

We study next the reverse current using gate-controlled
devices. It was found that an external electric field applied
along the periphery of the junction has a major effect on the
diode I~V characteristics. Gate-controlled diodes were made
by using evaporated indium electrodes overlapping the edge
of mesa diodes, insulated from the surface by a layer of ZnS
or by native anodic oxide of HgCdTe [11], as shown in
Fig. 5. The resulting three-terminal device characteristics

-8V

-y T‘

(&)

Fig. 6. (a) Current-voltage characteristics at 77 K for gate voltages
below flat band (p-type side accumulated). (b) Schematic diagram
showing the field-induced junction and tunneling current,

pinch-off

)}
Fig. 7. (a) Current-voltage characteristics at 77 K for gate voltages
above flat band (p-type side inverted). (b) Schematic diagram showing
the field-induced junction, tunneling current, and channel pinchoff.
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are shown in Figs. 6(a) and 7(a) with the gate voltage as a
parameter.

In Fig. 6(a) the gate voltages are more negative than the flat-
band voltage, causing surface accumulation in the p-type side
and surface inversion in the implanted n-type side. The in-
sulator in this device is ZnS, and the flat-band voltage, mea-
sured by independent C-V experiments, is +4.5 V, correspond-
ing to an apparent negative interface charge Qg /q =3 X 10*
em™2, typical for this interface [16]. The characteristics
exhibit both reverse and forward tunneling currents. The
forward injection current is high enough to mask the negative
differential resistance in Fig. 6(a). Negative differential resis-
tance was observed on some gate-controlled diodes with thin
anodic oxide as gate insulator. Similar field-induced diode
behavior has been observed in indium-antimonide for both
diode polarities [17]. The device has been modeled by
tunneling from the valence band of a field-induced inversion
layer as shown in Fig. 6(b).

Fig. 7(a) shows the characteristics for gate voltages above
flat band, forming an n-type surface inversion layer on the p
side of the diode. It is seen that such gate voltages increase
the leakage currents at reverse bias, and that there is a satura-
tion value for the reverse current at each gate voltage. The
same kind of characteristics, very similar to those of an MOS
transistor, have been observed in silicon gate-controlled diodes
[18], [19]. The saturation of reverse current indicates that
carriers flow to the junction through an inversion channel,
and that their flow is limited by channel pinchoff, as depicted
in Fig. 7(b).

At high reverse bias the device is dominated by the sides of
the junction which are not covered by a gate. Leakage current
versus gate voltage for a fixed reverse junction bias exhibits a
definjte minimum near flat band. It should be noted that this
minimum, which corresponds to the best diode characteristic,
does not occur at zero-gate voltage, mainly due to the interface
charge Q. Tunneling currents start in field-induced junctions
rather than the implanted junction, because the latter is
linearly graded while the former may be regarded as true
step junctions [19]. Thus the electric field intensity is al-
ways higher at the field-induced junction which is connected
in parallel with the implanted junction.

Interband tunneling in HgCdTe has been treated theoret-
ically by Anderson [20}, as a physical limitation for the opera-
tion of charge injection devices in deep depletion. An exact
quantitative comparison cannot be made between our results
and the theory, since the active tunneling area is not known.
However, the theory predicts a tunneling current density in
the order of 1 A-cm™ for the doping level used in our
samples and a band bending of 1 V, which is in reasonable
agreement with our measurements, assuming that the width
of the tunneling region is of the order of 10 pm.

VI. SUMMARY

Experimental results on ion-implanted n*-p photodiodes in
Hgo 71Cdg 29 Te have been presented. The n-type layer was
found to be caused by implantation damage. Tunneling in
this small-effective-mass narrow-gap material is a serious
limitation for junction devices. We suggest that the tunneling

process takes place in field-induced junctions near the surface
at the periphery of the implanted junction. Leakage current
and differential resistance at zero bias may be dominated by
the surface tunneling, unless the doping levels and surface
potential are very well controlled. Photovoltaic detector
performance of the implanted diodes has been evaluated as
a function of temperature, exhibiting high quantum efficiency.
Noise performance and RyA4 product have been measured and
calculated as a function of temperature. The maximum
operating temperature was found to be limited by thermal
diffusion noise, which may be reduced by an improvement
of the minority-carrier lifetime in the substrate material.
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Cd)Te Photodiodes

STEPHEN P. TOBIN, MEMBER, 1EEE, SHIGESATO IWASA, anp TIMOTHY J. TREDWELL

Abstract—In this article we present results of experiments to charac-
terize 1/f noise in Hgg 7Cdg 3Te n*-on-p junction photodiodes. Undex
zero-bias voltage conditions, the photodiodes display no 1/f noise, even
in the presence of large photocurrents. Under reverse-bias voltage oper-
ation, 1/f noise is observed. In these experiments, the 1/f noise was
measured as a function of temperature, diode bias voltage, and photon
flux. Since these parameters varied the relative contributions of the
various current mechanisms, the diode current mechanism responsible
for 1/f noise was isolated. It was found that 1/f noise is independent
of photocurrent and diffusion current but is linearly related to surface
generation current. It is proposed that 1/f noise in reverse-biased (Hg,
Cd)Te photodiodes is a result of modulation of the surface generation
current by fluctuations in the surface potential.

I. INTRODUCTION

XCESS low-frequency noise, or 1/f noise, has been an

area of extensive investigation in a wide variety of semi-
conductor devices. Reduction of 1/f noise is especially critical
for infrared detectors due to the low frame rates at which
many infrared imaging systems operate. The variable-bandgap
semiconductor (Hg, Cd)Te has found wide applications as
a photoconductor [1] for detection of 2-5-um and 8-14-um
infrared radiation, due to its high electron mobility, long
minority-carrier lifetime, and ease of preparation of low car-
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rier concentration boules. Excess low-frequency noise in (Hg,
Cd)Te photoconductors has been investigated by van der Ziel
[2], who found a correlation between 1/f noise and the
presence of grain boundaries, and Broudy [3], who related
1/f noise to surface potential variations and generation-
recombination noise.

Recently, (Hg, Cd)Te photodiodes have been developed for
both the 2-5-um {4], [5] and the 8-14-um [6] spectral re-
gions. Because of the high impedance,low power dissipation,
and linearity of photodiodes, high-density electronically
scanned imaging arrays using (Hg, Cd)Te photodiodes are be-
ing developed [7]. However, 1/f noise in HgCdTe photodi-
odes has not previously been investigated.

The current noise generated by a photodiode consists of a
number of components, including shot noise due to photogen-
erated current, shot noise and thermal noise due to thermally
generated (dark) current, and 1/f noise. With the exception of
1/f noise, the noise mechanisms are well understood [8] and
are predictable from the device characteristics. The shot-noise
current due to a photocurrent f is given by i; =2qls. Fora
diode limited by diffusion current, the noise is the sum of the
shot noise of the forward current I exp (gV/kT) and the shot
noise due to the reverse current -/p

i2 =2qlp(exp (qV/kT) + 1).

For depletion-layer generation-recombination current, the
noise is the sum of the noise due to the generation current
I (V) and the noise due to the recombination current Iz (V)

iy =2qUg(V)+1Ir (V).

The exact form of /i and I depend, of course, on the junc-
tion profile, the trap energy, and cross sections. The measured
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