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

Abstract-Theformation
of n-p junctionsbyion-implantation
in
Hg0.71Cd~.~gTe
is shown to be aresult of implantation damage.n-p
photodiodes have been made by implantation of Ar, B, Al, and P in a
The
p-type
substrate
with
acceptor
concentration
of 4 X 10l6
implanted n-type layer is characterizedbysheetelectron
concentration of 1014 to 1015 cm-2 and electronmobilityhiher than l o 3
cm2 . V-l -s-’, for ion doses in therange l O ” 4 X IOp4 cm-2. The
photodiodes have aspectral cutoffof 5.2 pm, quantum efficiency
higherthan 80 percent, and differentialresistanceby
areaproduct
above 2000 s1 . cm2 at 77 K. The temperature dependence of the differential resistance is discussed. The junction capacitance dependence
on reverse voltage fits a linearly graded junction model. Reverse current characteristics at 77 K have been investigated using gate-controlled
diodes. Theresultssuggestthatreversebreakdownisdominatedby
interband tunneling in field-induced junctions at the surface, for both
polarities of surface potential.
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formance, is studied. At temperatures above 150 K the R o A
product is governed by carrier diffusion from the p-type bulk,
and is limited by low minority carrier lifetime. Between 150
I. INTRODUCTION
and
1 15 K, the limiting mechanism is generation-recombination
HE TECHNIQUE ofionimplantationhasa
special
in
the
junctiondepletion
region.Below
115 K, the R o A
advantage over methods based on diffusion for fabrication of p-n junctions in Hgl,Cd,Te,
since it permits precise product is dominated by surface leakage currents. The origin
control of junction depth, allowsusageof various dopants, of reverse breakdownand leakage currenthasbeen investiand avoids heatingof this metallurgically sensitive material. gated using agate-controlledjunction device. Fromthe deIon-implantedphotodiodes
have beenreportedby
several vice characteristics we conclude that leakage and breakdown
authors [ 11 [8]. In all of the reported devices n-type layers are probably caused by tunneling of carriers to field-induced
were formed on p-type substrates by implantation of Hg [3] , junctions near thesurface.
[4], In [2], AI [1] , B [6], [7] , or bombardment by protons
11. EFFECTSOF ION IMPLANTATION
ON P-TYPEHgCdTe
[8], Someauthorsmentionthatpost-implantannealingat
room
temperature
was sufficient for
junction
formation
The starting material in our
experiments
was p-type
[3] [ 5 ] . Often n-p junctions in HgCdTe are characterized by
Hgo.71 Cdo.29Te
grown by the method of solid-state recrystalsoftbreakdownat
relatively low reversebias.In
addition,
lization [21 ’J. Wafers of random orientation were annealed at
their differential resistance by area product is, in many cases,
approximately 350°C [22] to obtain carrier concentration in
limited by shunt conductance attributed to surface leakage.
the range 1-5 X 1OI6 ~ m - caused
~ , by native defects, and Hall
This work reports further experimental results on implanted
mobility of 250 cm2 . V-’ * s-’ at 77 K. Implantation of B,
n-pjunctions in Hgo.71Cd0.29Te. Our results indicate that
Al, P, and Ar was performed at room temperature with doses
implantation damageis theprimary cause forconversionof
of 1013-10’5
cm-2 and energies of 100-300 keV. An n-type
p-type HgCdTe t o n type. In fact, wehave obtained essenlayer was formed on the surface by all the implantations attially the same results by implantation of boron and aluminum
tempted, aswas evidentfrom van derPauw,photovoltaic
(which are known to be donors [9]), argon (which is chemeffect and hot probemeasurements at 77 K. The layer reically neutral), and phosphorus (known as an acceptor [9]). mained n type after annealing in vacuum at temperatures as
An account of the implantation effects is given in the follow- highas
140°C.Results
ofseveral implantations are suming section. Electrical and electrooptical properties of the marized in Table I.
devices are described in subsequent sections. The temperature
The ion energies in Table I were selected in order to obtain
dependenceof the differential resistance byarea product, approximatelythe samerange in all cases. Ion energywas
which is thekeyparameterforphotovoltaicdetector
per- varied in implantation experiments performed at this labora-
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tory on n-type Hgo.,Cdo,2Te [I21
, and was found to have
only a small effect on the properties of the implanted layer.
The junction depth was typically less than 1 pm, based on
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mesa etching
measurements.
isThis in agreement
with
calculated values [ 101 (e.g., 100-keV BC ions have a mean range of
0.23 pm and straggle of 0.14 pm in Hgo.71Cdo,29Te).
The mobility and numberof electrons in the implanted layer
were measured by the van der Pauw method. The measured
quantities are

IMPLANTED

n+

T-

(2,
where
and 0 denote averageHall coefficient and specific
conductivity, p ( x ) and n(x) are mobility and carrier concentration at depth x, and xi is thejunctiondepth.
Assuming a
constant effective mobilitythroughouttheimplanted
layer,
the number of carriers in the layer is [ q ( R ~ / x i ) ] -and
' , the
effective mobility is [(R13/xj) ((T xi)] . Measuredvalues of
mobility were typically in the range 1000-2000 cm2. V-' . s-' .
The number of electrons in the implanted layer was 1014 to
10" cm-2, almostindependentoftheimplantedion
dose.
For small ion doses, the numberofelectrons
in the layer
exceeded the number of implanted ions by an order of magnitude. The effective concentration of donors near the surface,
as determinedfrom C-V characteristics of MOS capacitors
(deposited on the surface with anodic oxide as insulator [I 11)
was found to be 1-3 X 10' ~ m - ~ .
We conclude that n-typeconductivity stems from ion implantation damage. This is based on the following observations:
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
7 10-2
of implanted ions.
3
3) The layer is converted to n typewithoutthermal
annealing.
Other authors [3] - [5] have observed the lack of sensitivity
of the layer properties to implantation parameters. The very
T=77K
small ion doses (10'2-1013 cmb2) used by some authors [4],
[5] to fabricate n+-pjunctions also supportour
results.
0
-0.1
-0.2
-0.3
-0.4 -0.5
Thesame conclusionhasbeenreachedconcurrently
at this
v, [Volt]
laboratory
[12]
in implantation
experiments
on n-type
(C)
Hg0.ECd0.2Te.
Fig. 1. (a) Cross-sectional diagram of the implanted diode. (b)CurrentThermal treatment at 60-80°Ccaused a slight increase in the
voltage characteristics of argon-implanted Hgo 71Cd0.29Te n-p diode
layer carrier concentrationandmobility.
The implantation
at 84, 121, 160, 189, 208, and 219 K. The implanted dose is 10''
with energy of 300 keV, into a substrate with 4 X 10l6 cm-3
effects were not annealed out invacuum at temperatures as
acceptors. Thejunction area is 7 X lo-' cm2. (c) Forward and
high as 140°C.Normally,
HdCdTedevicesare
notheated
reverse current-voltagecharacteristics of the same device, without
above 100°C duringprocessing.
background photon flux.

4

1

111. JUNCTION
PROPERTIES
devices were made by etching windows in the ZnS and evapomade by performing the
Both planar and mesa structure n-p photodiodes have been rating indium. Planardeviceswere
studied. Mesadeviceswere
madebyimplanting ona bare implantation through openings in thick photoresist. A crosssurface and then using chemical etching for element separa- sectional diagram of the device is shown in Fig. l(a).
Fig. l(b) shows typical current-voltage characteristics of a
tion.Evaporated ZnSwasusedas
an insulating passivation
diode made by argon implantation, at several temperatures in
layer and antireflection coating. Contacts to theimplanted
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the range 84-219 K. Very similar results were obtained by
implantationof other species. Forwardand reverse characteristics of this diode at 77
K are plotted in Fig. l(c) on a
semilogarithmic scale. The
forward
characteristics fit
an
exponential dependence of the form IF = I o exp (qV‘F/qkT)
with 7 N 1.5. The deviation from the straight line is due to a
series resistance of about 500 Cl, so there may be a sizeable
error in 7. The series resistance is caused by the indium contact to thesubstrate.
Reverse characteristics ofthediode
exhibitsoftbreakdownat
relatively low voltages. It is difficult to defineabreakdown
voltagebecause ,the reverse
current is increasing continuously, asmay be seen in Fig.
l(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
continuousdependenceofthe
reverse currenton
reverse
voltage is not typical of an avalanche process. These observations, togetherwith
results ongate-controlled devices described below, indicate that tunneling near the surface at the
circumferenceofthejunction
isvery likely the cause of
reverse current breakdown.
Measured junction capacitance at 1 MHzwas measuredat
77 K withaBoonton71A
andwas found to fit a linearly
graded junctionbetterthan
an abruptjunctionmodel,
as
can beseen fromtheslopesandintercepts
in Fig. 2. Also,
the zero-bias capacitance of 6 X
cm-2
F
was lower
byafactorof
3 thanthe value calculatedfromsubstrate
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-inducedcurrents. Fig. 3 shows the differential resistance by areaproduct versus reciprocal temperature. Also
shown are the theoretical curves according to adiffusion
model
depletion-region
and
a
generation-recombination
model.

Diffusion Model
In the diffusion model, we assume that the current density
obeys the ideal diode relation
J = J o exp (q V / k T )

(3)

so that the RoA product is
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Fig.-2. l / C j and 1 / C j data versus reverse bias. l/Cj-gives a reasonable
intercept voltagebelow the bandga
Junction area is 5.7 X
om2, implanted with boron, 5 X 1018cm-2, 150 keV.
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Fig. 3. R d product as afunction of temperature for an argon-implanted
diode with zero background. Also shown are theoretical values for a
diffusionmodel(continuous
lines) andgeneration-recombination
model (dashed lines), for a few valuesof 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
NI, = 10’ cmV3 (the calculated Auger lifetime [23 J is in the
order of lo-’’ s), and assuming D, = 2.6 cm2 s-l we can see
that Jop alone would lead to RoA of about 5 Cl . cm’ ,which
is higher than the measured value. Hence we assume that the
contribution of the n side to Jo is not a limiting factor. The
contribution of minority electrons from thecrystal bulk is

J o is the sum of diffusion currentdensities of minority carriers
from both sides of the junction. The contribution of minority where Ln = (Dn . rn)I1’ is the diffusion length for electrons.
holesfromtheimplantedlayer
to J o is,assuming astep
The corresponding RoA product is
junction

where Dp is the diffusion constant for holes, ni the intrinsic
carrier concentration, No the donor concentration, xi is the

The dominanttemperature-dependentparameter in this expression is nf . Equation (7) is plotted in Fig. 3 (continuous
lines) forvarious valuesof the electron lifetime T,, using
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= 4 X 10l6 cm-3 , p n = 2 X lo4 cm2 * V-l s-l , and assaning
that
all the parameters except ni are temperature
independent.A
recent expression [I31for ni(T) has been
used in the calculation

fi!g

n&, 7')=

4kT

<< 2qJB = 2q'
RoA
where

$B

is the background photon
flux

cl'

1 t [I t 19.4(6 t ~ ) - ~ ~ ' ( m ~ / r n ~ exp
) - ~( E' G
~ /E~ ~
T )''1]'

EG(x,7') = 6.006 X 10-4T(l - 1 . 8 9 ~ )

(9)

In comparison with an earlier expression givenby Schmit
[24], (8) yields ni values which are smaller by a factor of
about 1.5for x = 0.29. However, this expression was preferred since it is based directlyon Hall measurements performed on n-type samples of this composition. The best fit
was obtained for rn~lmO
= 0.9 [ 131 .

Deipletion-Region Generation-RecombinationModel
The RoA product due to generation-recombination (g-r)
in the depletion region via Shockley-Read-Hall centers located
near midgap is [ 141

where T~ is an average carrier lifetime, Vbiis the built-in
potential, and W is the depletion-region width. Thevalueof
vbj/w changes only by a factor of about two over the whole
temperature range of interest, so that Vbi and W may be calculated from C-V measurements at 77 K without introducing a
significant error. Resultant values are plotted in Fig. 3 (dashed
lines) for severalvalues of T ~ A
. continuous transition from
the diffusion model to the g-r model is indicated, assuming
that T~ coincides with the bulk lifetime 7,. The dominant
process at each temperature is the one which gives the lower
R o A product.
A comparison of the experimental data withtheoretical
curves in Fig. 3 shows that at elevated temperatures the RoA
product of our devices follows the slope predicted by the diffusion model, i.e.,varies withtemperature as n;2, which is
approximately proportional to exp (EGlkT). At intermediate
temperatures, the RoA product follows a slope corresponding
to n;' , 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 11.5 K. The measured R o A values correspond to a relatively low bulk lifetime of about
s. Measurements of effective lifetime in p-type samples (based on
photoconductivity experiments between 77 and 250 K) give
results in the range 5-20 X
s which is in general agreement with lifetime as deduced from diodes made on similar
substrates.
For background-limited performance of a photodiode at a
given temperature, its RoA product should satisfy

(1 1)

Q$B

1.265 X 1016T3/2(6+ X ) - ~ / ' E ~

where

+ 1 . 9 4 8 ~-(ev).
0.337
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per unit area, 7) is the

(~m-~)

quantum efficiency, a.nd JB is the background-induced shortcircuit 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 maybe
calculated from (7)-(11). An RoA
product above 15 i2 * cm2at200 K detectortemperature
isdesired for background-limited detection at 5 ym, with
180" field of view at 300 K. The bulk lifetime of an n+-p
photodiodeshould.exceed IO-' s to achieve this. Such electron lifetimes have not been reported for p-type Hgl,Cd,Te
[6], [15]. Current n-type Hgo.,lCdo.29Tewith electron concentration of about 5 X IOi4 cm-3 exhibits hole lifetime of
the order of lo-' s in the temperature range 77-220 K [23],
[25], in consistency with Auger recombination theory [23].
This suggests that a p+-on-n-typebulk diode could yield the
afore-mentioned required R o A product for backgroundlimited operation.

PROPERTIES
IV. ELECTROOPTIC
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 reversebias
of 75 mV, using a transimpedance amplifier. The photocurrent is divided between the differential resistance of the
junction and the parasitic series resistance, so that with zero
bias at elevated temperaturesthe
quantum efficiency apparently decreases as the differential resistance becomes
smaller. Measurement of responsivity at reversebias, so that
the differential resistance is relatively high, indicates that the
quantum efficiency slowly increases with temperature almost
up to 300 K. This behavior isbelieved to be a result of an
increase in diffusion length for electrons in the p-type substrate, mainly due to an increase in electron lifetime. Such a
dependence of lifetime ontemperature
was foundinour
photoconductivity experiments onp-types samples. Similar
results were reported also from switching experiments on
Schottky-barrier diodes made onp-type HgCdTe [26] , and
attributed toShockley-Read-Hall recombination mechanism.
At 77 K the diodes had a spectral cutoff of 5.2 ym, quantum
efficiency of 84 percent, RoA product of 2.3 X IO3 i-2 . cm2 ,
and specific detectivity of 1.7 X IO" cm *Hz'/' * W-l at 4.5
pm 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 * Hz112 W-'. Atreverse bias the
detectivity is lower because of low-frequency noise having a
l/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 nextsection, or
tothe contacts. The zero-bias detectivity attemperatures
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Fig. 4. Relative spectralresponseper
watt of incident radiationat
several operating temperatures. The cutoff wavelength decreases as
the bandgap increases with temperature.

Irnolonted oreo

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

Fig. 5. Layoutofthe
gate-controlled diode.Thejunction
area is
2.88 X
cm', total periphery is 720 X
cm, and gatecm. The
diode is covered by
controlled
periphery
is 260 X
5000 A of ZnS. The implanted ionis boron, 10'' cm',
150 keV.

higher than 160 K is limited by the diffusion current noise
from the bulk.
It is interesting to note thedependence 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 itto
h c l E ~ ( T )where
,
EG is given by (9). It comes out that the
cutoff wavelengths expected from (9) are shorter than the
experimental by 0.23-0.43 pm over the temperature range
77-200 K. This difference suggests that there may bea
distinctionbetweenn-typeandp-typematerial,
since (9)
was calculated fromopticalabsorptionin
n-type material
of the same composition.

V. GATE-CONTROLLED
DIODES
We studynext
the reverse current using gate-controlled
devices. It was foundthat 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
byusing evaporated indiumelectrodes overlapping the edge
of mesa diodes, insulated from the surface by a layer of ZnS
or by native anodicoxide of HgCdTe [ l l ] , as shown in
Fig. 5. The resulting three-terminal device characteristics

I

\f;

I"D

channel
pinch-off

P

1

(b)
Fig. 7. (a)Current-voltagecharacteristics
a t 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 inFigs. 6(a)and 7(a) withthegate voltageas a
parameter.
In Fig. 6(a) the gate voltages are more negative than the flatband voltage, causing surface accumulation in the p-type side
andsurface inversion in the implantedn-type side. Theinsulator in this device is ZnS, and the flat-band voltage, measured by independent C-l/ experiments, is t4.5 V, corresponding to an apparent negative interface charge Qss/q = 3 X 10”
cm-’, typical for this interface E161 . The characteristics
exhibit both reverse andforwardtunneling
currents. The
forward injection current is high enough to mask the negative
differential resistance in Fig.6(a).Negative differential resistance was observed on some gate-controlled diodes with thin
anodicoxide as gate insulator. Similar field-induceddiode
behavior hasbeen observed in indium-antimonidefor both
diode polarities [17] . The device hasbeenmodeled
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 gatevoltagesabove
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 saturation value forthe reverse currentateachgate
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 ofreverse current indicates that
carriers flow to the junction throughan 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 fEed reverse junction bias exhibits a
definite 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 Qss. Tunneling currents start in field-induced junctions
ratherthantheimplantedjunction,
because thelatter is
linearly gradedwhile the former may be regardedas true
step junctions[19] . Thus the electric field intensity is always higher at the field-induced junction which is connected
in parallel with the implanted junction.
Interbandtunneling in HgCdTe hasbeentreatedtheoretically by Anderson [20] ,as a physical limitationfor the operation 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 tunnelingcurrentdensity in
theorderof
1 A cm-’ for thedoping levelused inour
samples andabandbending
of 1 V, whichis in reasonable
agreementwithourmeasurements,
assuming that the width
of the tunnelingregion is of the order of10 pm.
VI. SUMMARY
Experimental results on ion-implanted n+-p photodiodes in
Hgo.,lCd0.29Te have beenpresented.Then-type
layer was
found to becaused byimplantation damage. Tunneling in
this small-effective-massnarrow-gapmaterial
is a serious
limitation for junction devices. We suggest that the tunneling
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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 surfaee tunneling, unless the doping levels and surface
potential are very
well
controlled. Photovoltaic
detector
performanceoftheimplanteddiodeshasbeenevaluated
as
a function of temperature, exhibitinghigh quantum efficiency.
Noise performance and R o A product have been measured and
calculated as function
a
oftemperature.
The maximum
operatingtemperature was found to belimited by thermal
diffusion noise, whichmay be reducedbyanimprovement
of the minority-carrier lifetime in the substrate material.
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1/ f Noise in (Hg, Cd)Te Photodiodes
STEPHEN P. TOBIN,

MEMBER, IEEE,

SHIGESATO IWASA, AND TIMOTHY J. TREDWELL

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

I. INTRODUCTION
XCESS low-frequency noise, or I/f noise,has been an
area of extensive investigation in a wide variety of semiconductor devices. Reduction of l/f noise is especially critical
forinfrareddetectorsdue
to the low framerates at which
many infrared imaging systems operate. The variable-bandgap
semiconductor (Hg, Cd)Tehas found wide applications as
a photoconductor [ l ] for detection of 2-5-pm and 8-14-pm
infraredradiation,due
to its high electronmobility, 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], whofound
a correlationbetween
l/f noise andthe
presence of grain boundaries,and Broudy [3] , who related
l/f noise to surface potential variations andgenerationrecombination noise.
Recently, (Hg, Cd)Te photodiodes have been developed for
boththe 2-5-pm [4], [SI andthe8-14-pm[6]
spectral regions. Because of the high impedance, low power dissipation,
and
linearity
of
photodiodes,
high-density
electronically
scanned imaging arrays using (Hg, Cd)Te photodiodes are being developed [7] . However, I/f noise in HgCdTe photodiodes hasnot previously been investigated.
The current noise generated by a photodiode consists of a
number of components, including shot noise due to photogenerated current, shot noise and thermal noise due to thermally
generated (dark) current, and l/fnoise. With the exception of
l/f noise, the noise mechanisms are well understood [8] and
are predictable from the device characteristics. The shot-noise
current due to a photocurrent I@is given by ii = 2qIG. For a
diode limited by diffusion current, the noise is the sum of the
shot noise of the forward current I , exp (qV/kT)and the shot
noise due to the reverse current -ID

i,” = 2qID ( exp (q V/kT)+ 1).
For depletion-layer generation-recombinationcurrent,
the
noiseis the sum of the noise due to the generation current
IG ( V ) and the noise due to the recombination current ZR ( V )

i,” = 29(IG ( V ) + zR (V)).
The exact form of I , and ZR depend, of course, on the junction profile, the trap energy, and cross sections. The measured
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