
% The project supported by the KBN( Poland) under contract No PBZ
28. 11/P6
Received 1999-09-09, revised 1999-10-20

% 波兰 KBN(PBZ 28. 11/P6)资助项目

稿件收到日期 1999-09-09,修改稿收到日期 1999-10-20

COMPARISON OF CHARACTERI ATION
TECHNIOUES IN P-ON-N HgCdTe LWIR
PHOTODIODES TECHNOLOGY%

WENUS Jakub MADEJcZYK Pawel RUTKOWSKI Jaroslaw
( Institute of Applied Physics, Military University of Technology, 2 Kaliskiego Str . , 00-908 Warsaw, Poland)

Abstract In this paper standard technigues for characterization of ~gcdTe liguid phase epitaxial layers ( LPE) were

presented. The performance of long wavelength p-on-n ~gcdTe photodiodes fabricated by arsenic dif fusion was de-

scribed. The correlation between LPE ~gcdTe material parameters and properties of the inf rared photodiodes was

demonstrated.
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Introduction

At present ~gcdTe is the most widely used variable-
gap semiconductor for inf rared ( IR) photodetectors.
Over the years it has successfully fought of f major
challenges f rom extrinsic silicon and lead-tin telluride
devices despite that it has more competitors today
than ever before. These include Schottky barriers on
silicon, SiGe heterojunctions, AlGaAs multiple
guantum wells, GaInSb strained layer superlattices,
high temperature superconductors and especially two
types of thermal detectors, pyroelectric detectors and
silicon bolometers. It is interesting, however , that
none of these competitors can compete in terms of
fundamental properties. [1, 2] They may promise to be
more manufacturable, but never to provide higher
performance or , with the exception of thermal detec-
tors, to operate at higher or even comparable temper-
atures.

Recently, more interest has been focused on
~gcdTe photodiodes. Photodiodes with very low
power dissipation and easy multiplexing on focal
plane silicon chip, can be assembled in two-dimen-
sional arrays containing a very large (~106) number
of elements, limited only by existing technologies.

Liguid phase epitaxy is one of the basic methods for
growing device guality ~gcdTe material.

In this paper standard technigues for characteri-
zation of ~g1-xcdxTe ( 0. 20<x<0. 25) liguid phase
epitaxial ( LPE) layers are presented. Backside-illu-
minated p-on-n photodiodes have been fabricated by
arsenic dif f usion. The correlation between LPE
~gcdTe material parameters and properties of the in-
f rared photodiodes is demonstrated. We have chosen
to limit the scope of this paper to electrical and opti-
cal characterization technigues. We emphasize those
characterization technigues that are proved to be the
most helpful and useful in device processing.

l Characterization of LPE Layers

The LPE layers as a starting material for device
fabrication have been characterized by several tech-
nigues. Selection of material for devices reguires a
method that can determine composition uniformity of
epitaxial layers. IR transmission measurements are
possibly the most common routine method to deter-
mine the composition x of ~g1-xcdxTe wafers. The
main reason of extensive use of IR transmission mea-
surements is the fact that it is a non-destructive
method. The IR transmission measurements were
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performed on a SPECTRUM 2000 FTIR Spectrome-
ter at room temperature. The FTIR meaSurement
haS numerouS advantageS, it haS mapping capability,
it iS contactleSS and non-deStructive, and it accurate-
ly predictS cut-of f WavelengthS, determineS layer
thickneSS, and iS thuS capable of determining the I-
value and compoSition prof ileS of epitaxial layerS. [3]

The electrical propertieS of the Starting ~gCdTe
WaferS Were routinely determined by ~all ef f ect in
the temperature range betWeen 77K and 300K. The
meaSurementS Were carried out on Van der PauW
SampleS fabricated f rom repreSentative WaferS Select-
ed f rom all WaferS. DiScuSSion of the ~all ef f ect mea-
SurementS haS become an excellent proceSS monitor
for LPE groWth With the purity, doping and homo-
geneity able to be correlated With groWth conditionS.

Determination of dopant concentration in Solid
involveS the uSe of ~all ef f ect meaSurementS aS Well
aS corroboration With Second ion maSS Spectrometry
( SIMS) concentration prof ileS. The correSpondence
in the concentration of a dopant meaSured by SIMS
and ~all ef f ect or capacitance-voltage ( -V) methodS
iS indication of activity of that dopant. MeaSurementS
on the Same Sample by the tWo technigueS Were uSed
to uneguivocally SubStantiate the electrical activity of
impurity dopantS.

Temperature dependence of the exceSS carrier
lif etime of ~gCdTe WaferS haS been meaSured by the
photoconductive decay method on the Van der PauW
~all Sample.

2 DeVice Fabrication and Characterization

The backSide-illuminated p-on-n ~gCdTe homo-
junction photodiodeS Were fabricated uSing LPE lay-
erS groWn on an IR-tranSparent CdznTe SubStrate.
The LPE SyStem and procedureS employed here have
been previouSly reported[4]. The carrier concentra-
tion in 10 15pm thick n-type WaS controlled in the
range ( 2 4) > 1015 cm-3 uSing indium doping. The
p+ -n junctionS Were formed by arSenic dif f uSion. The
AS dopantS muSt reSide on the Te Site to accompliSh
p-doping. ThiS reguireS either groWth or annealing at
relatively high temperature under cation-rich condi-
tionS. The annealing procedure WaS carried out at

430 for 2h by placing the Wafer in a cloSed guartz
ampoule With ~g and AS SourceS. Af ter the dif f u-
Sion, the cryStalS Were additionally annealed in Satu-
rated mercury vapor preSSure at 260 for further re-
duction of native point defectS by annihilation of ~g
vacancieS that Were previouSly encountered, reveal-
ing the net doping due to impurity n-type back-
ground. Typically, the p-n junctionS Were located at
a depth of 1pm ( f rom the Surface) , and the carrier
concentrationS in p-type Surf ace layerS Were about 5
> 1017 cm-3. Then, the photodiodeS Were delineated
by a meSa etch through the thin cap layer , paSSivat-
ed, and f inally metal contactS Were formed.

The photodiode performance WaS eStabliShed by
meaSurementS of the current-voltage ( 1-V) charac-
teriSticS, capacity-voltage ( -V) characteriSticS, and
Spectral reSponSivity at 77K. The photodiodeS Were
mounted in a liguid nitrogen cooled cryoStat SyStem
and the temperature dependence of characteriSticS
WaS meaSured in the temperature range betWeen 77K
and 300K. The relative photoreSponSe Spectra Were
meaSured With a FTIR Spectrometer . The abSolute
photoreSponSe WaS determined uSing a calibrated
blackbody teSt Set , Which iS compoSed of a blackbody
Source, preamplif ier , lock-in amplif er , and chopper
SyStem. Capacitance and conductance of photodiode
Were meaSured aS a function of biaS voltage uSing
Keithley 590C impedance analyzer .

3 Correlation between Alloy CompoSition
and CUt~offWaVelength of the Photo~
diode

Determination of the Wafer compoSition ( I
value ) iS crucial for controlling and monitoring
groWth proceSSeS. It haS become common to deter-
mine the ~g1-ICdITe compoSition I and to predict
detector cut-of f Wavelength f rom the cut-on Wave-
length meaSured at 300K by IR tranSmiSSion, uSually
at Several pointS on a Wafer . Dif f erent manufacturerS
generally uSe dif f erent f eatureS of the IR tranSmiS-
Sion Spectra. The cut-of f Wavelength iS uSually de-
f ined aS the Wavelength Where the reSponSe of the de-
tector f allS to 50% of the peak value. The approxi-
mation iS uSually made that the cut-of f Wavelength
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Table 1 COmpOSitiOn Of epilayer NO. S2 uSing dif f erent methOdS
Of IR tranSmiSSiOn Spectra meaSurementS.

Sample S2 Corner 1 Corner 2 Corner 3 Corner 4 Centre

Composition x calculated f rom Z1/2 0. 2032 0. 2044 0. 2036 0. 2035 0. 2021
Composition x calculated f rom Z500 0. 2039 0. 2055 0. 2045 0. 2046 0. 2030
Composition x calculated f rom Z1000 0. 2036 0. 2060 0. 2043 0. 2042 0. 2019
Accuracy of measurement Ax 0. 0017 0. 0012 0. 0024 0. 0019 0. 0022

( 16D occurs at Eg ( 1c= 1. 24/EgD and many publica-
tions have reported eguations Which determine Eg

f rom x value and temperature. The cut-on Wave-
length has been determined by a variety of methods
f rom the specif ic Wavenumbers, Z1/2 of the 50% max-
imum transmission, Z500 of the 500cm-1 absorption
coef f icient and Z1000 of the 1000cm-1 absorption coef -
f icient. The composition of an epilayer can be calcu-
lated using the above Wavenumbers. To determine
the Wavenumbers Z500 and Z1000, the relationship be-
tWeen epilayer thickness and transmission values can
be obtained f rom Ref .  5 . To check the accuracy of
x determination by FTIR measurement, composition
Was calculated f rom the above three described meth-
ods. Results gathered in Table 1 shoW that these
comparisons indicated excellent absolute x agreement
betWeen 50% transmission, 500cm-1 and 1000cm-1

absorption measurements. The accuracy of the calcu-
lated compositions using three Wavenumbers obtained
f rom the measured IR transmission curve is less than
0. 002, Which is in the range of instrumental mea-
surement error . An example of typical FTIR data is
shoWn in Fig. 1.

Fig. 1 Typical transmission spectra for ~g0. 8Cd0. 2Te
LPe layer at several points over the Wafer area

Measurements performed by FTIR spectrome-

ters give both composition and thickness mapping ca-
pability over the layer area. It appears that composi-
tion x is more homogeneous than thickness c of the

Fig. 2 Transmission spectra for ~g0. 8Cd0. 2Te LPe layer
as a function of the light spot diameter

layer . Table 1 summarizes the measurement accuracy
for f ive points of the sample. TWo criteria Were used
for evaluation of accuracy. The f irst is the relative
accuracy, Which indicates the resolution of measuring
changes in composition. The highest accuracy is ob-
tained When consecutive measurements are performed
on the same sample. ~igher accuracy reguires longer
measurement time ( more number of scans, longer
optical path dif f erenceD . The second criterion is the
accuracy of thickness determination. The thickness
of the sample Was determined f rom the interf erence
peaks. The method presented here includes the
change of ref ractive index With Wavelength and aver-
ages of the data using least-sguares m= 2cnv, Where
m is the integer number of interf erence peaks, n is
the ref ractive index of ~gCdTe, and v is the
Wavenumber. The resolution of thickness measure-
ments is a function of the diameter of the incident
light spot on the sample. Small spot diameter has
been obtained With successful results but the signal-
to-noise ratio Was reduced. The interf erence peaks as
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a functiOn Of the diameter Of the light spOt are illus-
trated in Fig. 2.

The cut-Of f Wavelength Of  gCdTe phOtOdiOde is
determined nOt Only by energy gap. In additiOn, it is
dependent upOn the thickness Of the layer , the dif f u-
siOn length Of the minOrity carriers, cOmpOsitiOnal
prOf ile Of the layers, mesa depth, size Of the diOde
and backside ref lectiOn cOef f icient. Due tO the large
number Of f actOrs af f ecting /e, empirical eguatiOns
determined f rOm cut-On Wavelength measurements at
300K and /e measurements at the temperature Of in-
terest , can be used tO determine accurately the pre-
dicted cut-Of f Wavelength.  OWever , there is nO One
eguatiOn, Which applies tO all phOtOdiOdes. The fOl-
lOWing eguatiOn Was determined f rOm the data taken
f rOm FTIR cut-On Wavelength measurements using
50% transmissiOn methOd and cut-Of f phOtOdiOde
Wavelengths measured at 77K;

/e( 77KD = 1. 54 > /50 ( 300KD

Fig. 3 COmparisOn Of FTIR transmissiOn and spectral
respOnsivity Of  g0. 79Cd0. 21Te phOtOdiOde

This eguatiOn is valid Only fOr p-On-n device struc-
tures With base layer thickness Of 15pm, and stan-
dard dif f usiOn parameters ( time 4h, temperature
700K D . Even sO, the results still vary With changes
in diOde geOmetry, passivatiOn and Other dif f usiOn
parameters. The example Of FTIR transmissiOn and
spectral characteristic Of diOdes is shOWn in Fig. 3.
The transmissiOn curve measured af ter As dif f usiOn
is shif ted tOWards shOrter Wavelengths due tO reasOn-
ably high temperature ( 430 D Of the dif f usiOn prO-
cess, Which causes changes in x value. The de-
terming Of predicted cut-Of f Wavelengths and mea-

sured /e are shOWn in Table 2.

Table 2 Comparison of hgCdTe photodiode cut-of f
wavelengths obtained by dif f erent methods

Sample Tel2 /c( pmD

FrOm transmissiOn curve befOre As dif f usiOn 12. 3

FrOm transmissiOn curve af ter As dif f usiOn 10. 6

FrOm phOtOdiOde spectral characteristic 10. 3

FrOm R0A vs temperature 11. 9

Fig. 4 Ef fects Of surface treatment On temperature
dependence Of the carrier cOncentratiOn fOr

dOped and undOped  g0. 8Cd0. 2Te

Optical ref lectance measurements are useful fOr
characterizing the surf ace x value Of material. Analy-
sis Of the allOy cOmpOsitiOn determined f rOm ref lec-
tiOn UV measurements shOWs that the lateral hOmO-
geneity Of the as-grOWn LPE layers is very gOOd. Af-
ter As dif f usiOn the UV ref lectiOn measurements
have nOt been dOne because the changes Of pOst-an-
nealing  gCdTe surface af f ect the peak ref lectivity
lOcatiOn. The carrier cOncentratiOn may alsO give rise
tO apparent cOmpOsitiOn change due tO MOss-Burstein
shif t . FOr several layers, the cOmpOsitiOn prOf iles in
the directiOn perpendicular tO the surf aces Were Ob-
tained by step-remOving surface layers. The Obtained
results shOW that the depth hOmOgeneity is alsO very
gOOd, except fOr a narrOW regiOn Of graded cOmpOsi-
tiOn adiacent tO the substrate. The functiOnal depen-
dence Of peak ref lectivity lOcatiOn On x fOr  gCdTe
has been taken f rOm Ref . 6]. Relative resOlutiOn Of
cOmpOsitiOn measurements is 0. 005. This accuracy is
limited by the brOad peaks and the surf ace treatment
in step-remOving. The cOmpOsitiOn determined by IR
transmissiOn measurements Was cOmpared With an
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average of 5 ref lectance measurements mapped across
the Wafers. This gave I= 0. 215 and I= 0. 220 for IR
transmission and ref lectance, respectively.

IR transmission measurements are used more
Widely than optical ref lectance for predicting device
cut-of f Wavelength and determining layer thickness.
FTIR measurements, hoWever , have some disadvan-
tages, small spatial or depth resolution and measure-
ments usually dominated by the smallest bandgap re-
gion in the sample.

Fig. 5 1 M~Z C-V characteristic of p+ -n
~gCdTe photodiode at 77 K

4 Carrier Concentration and Doping prof ile
of the photodiode
~all ef f ect and conductivity measurements indi-

cate, in general, that longer Wavelength material and
high-purity samples shoW a f reguent occurrence of
anomalous results. The classical results are mostly
found for shorter Wavelength material and in inten-
tionally doped samples. Representative classical
~all-ef f ect curves are shoWn in Fig. 4. In the n-type
material tWo distinct regions are observed; namely,
the intrinsic region and the extrinsic exhaustion re-
gion. In the extrinsic region, the ~all coef f icient RH
is a constant; then the donor levels can be estimated
using the formula n=  1/RHg.

In addition to bulk electron densities and mobili-
ties, one can determine inversion or accumulation
layer properties. The behavior of ~all curves strong-
ly depends on surface treatment of the sample. A
f reshly etched sample shoWed classical n-type ~all
coef f icient and mobility. Af ter anodiZation the same
sample shoWed higher electron concentration as a re-

sult of a thin skin n-type material induced on surface
of the sample. In-doped samples, used in device
technology, have electron concentration about 3 >

1015cm 3 and mobility 4> 104cm2/Vs.

In addition, capacitance-voltage (C-V) measure-
ments on large diode structures Were performed in or-
der to compare With the ~all ef f ect measurements
( see Fig. 5) . For a p-on-n structure, the calculated
carrier concentration distribution is mostly on the n-
type side. The depletion Width at Zero bias is typical-
ly 0. 2pm and the junction appears to be abrupt. The
doping concentration at Zero bias is about 2 > 1015

cm 3 and usually is loWer than obtained f rom ~all ef -
f ect data. This is probably result of compensation,
Which takes place at the p-n junction interf ace.

Fig. 6 The SIMS prof ile of As in a ~g0. 79Cd0. 21Te
epitaxial layer af ter loW-temperature annealing

The dif f erential ~all measurements shoW that
thin p+ layer has hole concentration about 1 > 1017

cm 3 and the based 10pm thick layer With electron

concentration 2 > 1015 cm 3. This dif f erential ~all
technigue is not good enough to the accuracy of carri-
er concentration determination, because its resolution
is rather poor ( 20% ) . The doping prof iles of the
photodiodes Were obtained by SIMS technigue. An
example of 15pm thick LPE-groWn ~gCdTe struc-
ture af ter As dif f usion is shoWn in Fig. 6. The ar-
senic prof ile shoWs signif icant dif f usion of 1. 5pm and
an approximate Gaussian prof ile. The relative alloy
composition in this layer Was measured by the Te
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secondary ion yield. Figure 6 shoWs that, eVen at the
relatiVely high doping leVel of Z > 1017 atoms/cm3, no
signif icant change in the composition is obserVed.
SIMS analysis of In doping leVel and 77K ~all ef f ect
measurements of the n-type carrier concentration
shoW full actiVation of In. To determine the p-type
doping concentration and actiVation energy of arsenic
in layers, Variable temperature ~all measurements
haVe been performed to determine the arsenic actiVa-
tion energy and the degree of compensation.

5 Photodiode Performance and Carrier Lif e-
time of Samples

Figure 7 shoWs the forWard bias 1-V curVes of p-
on-n diodes at 77K in loW background f lux condition.
For bias Voltage V>10mV, the 1-V characteristic is
exponential With a slope ( gV/BkT) , Where the ideali-

ty factor B= 1. Z for better photodiodes ( I= 0. Z1) .
When tunneling current dominates, the ideality f ac-
tor increases beyond Z ( I= 0. Z5) . For V>70mV the
forWard characteristic is a double exponential With B
= 1. 9, Which indicates that the g-T current domi-
nates. Thus an analysis of the forWard bias current-
Voltage curVes giVes Very important information of
dominating current mechanism and alloWs estimating
the guality of starting material.

The most Widely used f igure of merit to charac-
teriZe both the dark current and the thermal noise of
an inf rared photodiode is the R0A product. It is de-
f ined as the product of the diode resistance R0 at Zero
bias Voltage and the photodiode actiVe area A. Figure
8 shoWs the dynamic resistance-area product as a
function of bias Voltage at 77K. The dark as Well as
the background-illuminated characteristics are shoWn.

Fig. 7 ForWard bias 1-V characteristics of ~g1-ICdITe
photodiodes at 77 K, . I= 0. Z1,  I= 0. Z5

Fig. 9 R0A product as a function of temperature for
~g0. 79Cd0. Z 1Te photodiode

Fig. 8 RcA product as a function of bias Voltage for
~g0. 79Cd0. Z 1Te photodiode at 77 K under Zero f ield

of VieW and at 300 K background

Fig. 10 Measured minority carrier lif etime Versus reci-
procal temperature for LPe groWn ~gCdTe layer
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Decrease of the R0A product With the increase of
background illumination is typical for these photodi-
odes. The R0A product as a function of temperature
is shoWn in Fig. 9. The devices Were dif f usion-cur-
rent limited doWn to 77K. A theoretical one-dimen-
sional R0A model Was used to calculate dif f usion cur-
rent of n-side active layer[7]. The measured material
parameters such as the I value, thickness of active
layer and carrier concentration Were utilized as input
parameters to the model. The band gap value of Eg=
100 meV Was deduced f rom the temperature depen-
dence of the R0A product. The cut-of f Wavelength
calculated f rom this dependence is longer than the
one obtained f rom optical measurements as shoWn in
Table 2. Discrepancies are caused mainly by inaccu-
racy in temperature and R0A product measuring. The
cut-of f Wavelength obtained f rom transmission curve
af ter As dif f usion is in good agreement With this val-
ue measured f rom photodiode spectral characteristic.

The minority carrier lif etime is an important pa-
rameter for the materials. Temperature dependence
of the excess lif etime for ~gcdTe sample before As
dif f usion is shoWn in Fig. 10. The experimental data
( solid symbol D agree Well With a theoretical model
( solid line D , that includes Auger-1 recombination
mechanisms. The minority carrier lif etime for Auger
recombination process calculated f rom R0A product at
77K is egual to 2ps, so agreement betWeen sample
parameters and detector performance is excellent.
The above results suggest that the starting material
parameters are not degraded during the technological
steps of photodiode fabrication.

6 COnclusiOn

In the paper standard technigues for characteri-
zation of LPE ~gcdTe layers are presented. The
starting material for photodiode fabrication has been
characterized using dif f erent methods of measure-

ments: FTIR measurements, the ~all ef f ect mea-
surements, C-V analysis, SIMS analysis and excess
carrier lif etime measurements. Backside-illuminated
p-on-n photodiodes have been fabricated by arsenic
dif f usion. The performance of ~g0. 79cd0. 21Te photo-
diodes is dif f usion limited doWn to 77K. The R0A
product higher than 10Ocm2 at liguid nitrogen tem-
perature has been obtained. Particular attention has
been put on the correlation betWeen LPE ~gcdTe
material parameters and properties of the inf rared
photodiodes. Three types of measurements have been
revieWed in more detail. correlation betWeen alloy
composition and cut-of f Wavelength of the photodi-
ode, carrier concentration and doping prof ile of the
photodiode, carrier lif etime and R0A product of pho-
todiode have been shoWn. Results of the paper indi-
cate that the starting material parameters are not de-
graded during the technological steps of photodiode
fabrication.
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