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NONDESTRUCTIVE BAND-GAP PROFILE
DETERMINATION OF HgCdTe
LPE GROWN LAYERS
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Abstract

Infrared transmission and photoconductivity spectra 1f merciry-cadmium telhmide { MCT) epusxial lavers,

grown by liquid phase epitaxy [LPE) an CdTe and CdZnTe wide hand-gap substrates, were investigated both theoreticallv
and expermentally at temperatures T =82 K and T'=300 K w the infrared {IR) wavelength region 3-15 pm. The pho-

toresponse position of the diodes was Jetermined at cryogemic tempetatures {rom the transmissiun spectra uf noom tempera-

ture. Thearetical calculations of optical density D {4 w), needed for analysi~ rf expenmental vprical teansomssion Jata,

were performed in the framework of WHKB approximatinn.
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Introduction

Most of modern Hg, . Cd,; Te ternary compound
IR photodetectors are manufactured from LPE films
grown on CdTe and CdZnTe substrates-! . Compo-
sitional depth nonuniformity seems to be an inherent
feature of these films!™% . It causes the variations of
band-gap with the depth, thus affects the IR device
performance. In-plate composition nonuniformity al-
50 influences the physical properties of LPE-grown
layers as well as the performance of IR devices on
their substrates.

Despite the fact that the effect of composition
grading on the optical, phatoelectrical and electrical
properties of Hgy - ,Cd,; Te LPE-grown films has been

(7~ some problems

investigated in several papers
are still to be studied. especially in the case of notice-
able and nonlinear compositional (and thus, band-
gap) gradient, which is observed in some LPE-grown
layers.

In LPE films with graded band-gap. the optical
absorption differs from that in homogeneous layers
due to the depth variation of band-gap E,(z). I the
spatial variation of E, (=) on the scale of the light

wavelength is weak enough, the WKRB approximation
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can be used for theoretical calculations. Then the
spectral dependence of the optical density IX fiw} can

be described by the fullowing expressiont!?™ 18]

*d
DA w) = l)a(ﬁ w.,zldz
g
"Eutnn} (?t
= JEmﬁa[h w'EgJ«TE_‘J;

where o is the thickness of a film. a{Aw.c) is the

dE,, (1)

local absorption coefficient. E,q,, and E . are mini-
mum and maximum energy gap of the laver, respec-
tively. Both of them are dependent on the film depth
between = =0 and * =d . These points ave shown in
Fig. 1 {a}, where the energy diagram of the layer
with linear and exponential band-gap grading is
schematically shown.

It follows from (1) that E,(z) can be estab-
lished if the values of E, s Eymoe and a{hew. E, }
are known. With a{/w,E, ). it is possible to calcu-
late the dependence of I A w) as well as T( A w)
(optical transmission spectra) on the gradient compo-
sition of the layers by using a gradient &FE, 78+ asa
fitting parameter.

In application to LPE Hg,_,(d, Te films, a
giular problem of determining the dependence of
E.{z) on the depth of film was investigated in sever-
al papers[8~13,17]. In [9_ the value of E ,, and
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Fig. 1 Schematic energy diagram showing linear
and exponential band gap grading in LPE
Hg, - ,Cd, Te film= withour {a) and with
¢{b) transitton region at the mterface

the thickness of the film are considered to be known.
and &E, /A z is assumned to be constant. In 8] the
determination of these parameters from the transmis-
sion spectra T{Aw) of gredient films was atterpted.
The compositicnal profile o { =} was represented by
an expression with three fitting parameters. Howev-
er, these parameters seemn to be not independent. As
was shown m [10], one can find several groups of
parameters (o fit experimental data rather well. In
order to eliminate uncertainties in calculations, the
total number of fitting parameters should be de-
creased.

The aim of this paper is to use the IR transmis-
sion measurements, both for the nondestructive de-
termination of band-gap variation with the depth of
MCT LPE-grown films, and for predicting their pho-
tosensitivity spectral position at cryogenic tempera-
tures {rom the room temperature Transmission spectra

measureimnents.
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1 Experimental results and analysis

The {ilms investigated were grown by [PE
method on {111} CdTe and Cdy ,#n,Te (v=0.03~
0. 04) substrates. Their thickness ¢ was ranged {rom
15 pm to 35um . The films were of p-1ype conduc-
tivity with a hole concentration Py = (6 — 200 « 10"
em . 1R transmission spectra were measured by us-
ing a graling spectrometer. Prior o the measure-
ments. the films were etched in HBr + Br» solution
for a short ume 1o refresh the surfaces of the films.
After etching, the films with mirror-like surfaces
were investigated.

The calculated and measured T{hw ) curves are
shown 1in Fig. 2 and Fig. 3. The calculations were
carried out in accordance with a technique developed
for graded band-gap GaAlAs films!'™ .
region was divided into three parts: h w < E ..

The spectral

EpnSh o E s and Ao 28,

At photon energies hw<E,, the absorption co-
efficient in Hg; - . Cd, Te cry=tals well obeys the Ur-
bach rulel™

ha o) B

a = aoexp( A
where ¢y, Ky and A are determined experimentally
from the study of the spectra of the fundamental ab-
sorption edge. Here, the parameter E is close 1o the
band-gap value.

In the present work, E, was taken to be equal 10
E,(2). i e.. the band-gap ar a depth z. The param-

eter A was determined from the slope of the measured
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Fig.2 Measured {1) and calculated {2,3) transmission spectra at 300 K (a) and 82 K (b} mn HgCdTeACdTe epitaxial
fm. Curves 2 and 3 are calculated lor exponential and linear band gap gradient, respectively. whit parameters Ener =0,
162 eV, E .., =0.268 eV (T =300K) and E,,,,=0.097 ¢V, E_ ., =0 218 eV { T =82K). Curves 4 are caleulatd for
bulk crystal with E, =0.162 eV and 0.097 eV at 300 K and 82 K, respectively. The thickness of 1he film is 15n


http://www.cqvip.com

2 Z.F. Ivasce. et @l . « Nendestructrve band-gap profile determmation of HeCdTe LPE-grown layers R3

e /eV

Fig. 3 Optical transmission spectra in HpCd Te”

CdZnTe epitaxial film at 300 K. Thenretical curves are

caleulated for linear (1) and exponennal {2} band gap

gradient fur E_ .= 0. 153 eV, E . =0.190eV. The
thickness of the film is 35pm

T(hw) curves at hw <E,,, The value of a, was
derived from the fitting procedure for each sample
separately. Th best fit was chtained for «y ranging
fyom 800 to 1500 em™!,

In the second spectzal region. direct optical tran-
sitions for photons with energies A w > E, are added
to optical transitions within the Urbach s tail r gion.
In the third region, absorption ocecurs only due to the
direct optical transitions from the valence hands ( light
and heavy hole } to the conduction band. For calcula-
tions. the appropriate expressions of local ahsorption
coefficient obtained in [ [9] were used. Also, calcula-
tions were carried out for absorption coefficient wsed
by [9].

Two types of E, (23, the lincar and the expo-
neniial ones, were chosen for caleulations and fitring
procedure. The exponential dependence E. (=) was

pproximated hy;

r

T T ™ 1 T T

LU .4 o4 0.1é 0.18 02 ¢.12 Q.24
her/eV

Ef{z¥y=Egtaexplz/b). (3
where constants Ey, ¢ and & were determined {or z
=0 and = = d, provided thet E_ ., and E,, .. are
known. It is se n from Fig. 3 that in the samples
with low band gap gradient the data calculated are not
very sensitive to the choice of E { =) dependence.
However, this seems not to be the case lor the sample
with rather high gradient (see Fig. 2).

Following approach was used 1o estimate E, .,
and E, .« values. In accordance with the theory de-
the se ond derivative. D w2

{fiw)*,should have extremas at energies where den-

veloped in [ 15].

sity of stat = has singularities. At least two singulari-
ties are 10 be observed if E, (2] is represented by
smooth curve {see Fig. 1}, Obwviously, the first one s
located at = = 0. Without a transition region at the
interface (see Fig. [{a}). the zecond nne i located at
v = . where density of states 15 significantly
changed due 1o the abrupt band-gap variation. In the
films with the t ansition region {see Fig. [(b)} the
exact form of E, {z) at the interface 1= unknown and
its location can be defined within the accuracy of the
thickness of this region. Typical spectra dependencies
ol the second derivatives of the optical denst v are
shown in Fig. 4 and Fig. 5 for samples with different
values of the band gap gradient. It is seen that two
extremas are ohserved for ex ertmental curves. Their
energies were identified with minimum E, . and
maximum E, ... band gaps in the film. It should be
pointed out that E,  and E_ .. can be defined unam-
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Fig 4 Expermental (1) and theoretical {2) spectra of the second de ivarive of the optical density at 300 K.
Experimental data shown in (2} and (b) were derived from the optical rransrssion data shown in Fig. 3 and
Fig.2la). respecuvely. The theorencal curve (3] is for bulk crystal.
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biguously for LPE films withcut a transition region at
the interface. In the npposite case, when the transi-
tion tegion is present. £, means an elfective band
gap at the interface between the epitaxial layer and
the substrate.

I the band gap gradient is essential, the applica-
hility of WKB approach becouwes less obvious. In
LPE grown [ilms especialy, the condition of applica-
bility of WKDB approach can be violated at the inter-
face. However. the theory in [15] predicts that the
behavior of the second derivative is still preserved,
except that its amplitude decreases. In order to ana-
lyze this situation, computer simulation for different
gradients was performed {see Fig. 5. U one com-
pares the data shown in Fig. 4(a) and Fig. 4{b), it is
seen that, in the samples with rather low band gap
gradient, the experimental and calculated curves com-
cide well enough.

Increasing the band-gap gradient gives rise 1o the
disagreement between experimental and calculated da-
ta. For instance, the best [it between the experimen-
tal and calculated curves T(/ w) shown in Fig. 2{a)
was achieved at £ ... =0.208 eV that exceeds E .,
=1, 250 eV obtained from the experimments [ Fig. 4
(b)), The second derivatives of experimental trans-
mission specira curves have higher half-width values
in companson with the calculated ones. Similar re-
sults were obtained previously!' for LPE films with
linear band gap gradient.

The disagreement between experimental and cal-

T T T M T

010 615 0.0 025 0.3 ¢.35 040
hofeV

Fig. 3 Calculared spectra of the second derivative of oprical
densuty ar T = 300 K for the epitaxial blm with thickness &
= 15pum and different gradient values: AE A4V, = 38
eVimm (corve 11, AFE, /Ay = T0 eViam {curve 2) and
LF, 20 =160 oV/an (curve 3)

culated spectra can arse due 10 several reasons. The
divergence in transmission data may cause large {luc-
tuations in the second derivatives. Some smoothing is
thus requited before making difllerentiation. This may

shift the positicn of the derivative peaks(1-

as well as
their hall-width. The interface transition region may
alse alfect both the amplitude and position of the
dervative peak at energies close to E gy In theoreti-
cal calculation . this region has not been taken nto ac-
OO

By using the data obtained ai T =300 K and the
following expression " for band-gap as a {unction of

composition and temperature

E, (2, T)=-0.302+1.93x 0.8l ~

- 1822+ T

2552+ 1%,
(4)

r{z) can be calculated {Fig. 6). Chemical composi-

0.832-34+5.32:1074(1 - 2x)

tion was also determined independently in cleaved
samples by using the local X -ray microunalysis data.
Within the experimental errors, the compositicm data
measured agree well with those obtained from the
analysis of the T (A w) spectra.

Gap profile was measured by photoconductive
epectra combined with sequential removal of layers by
chemical etching in Hbr + B solution. The gap was
determined from the peak wavelength A, corre-
sponding to the maximum of the normalized photo-
conductivity spectrum {see Fig. 7). The data ob-

tained from the photoconductivity and optical trans-
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Fig. 6 Compesition profile obtained from the optical trans-

missrn (solid line), X-ray microanalysis data { close dots)

and photoconductivity { open dors ). The ocompesition

obtaned from X-ray microanalysis 15 determined within
experimental errors Ar =0. ()5
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mission spectra for the films with compositional gradi-
ent are not well correlated in contrast to the case for
the bulk crystals without a band gap grading™. The
disagreement is extremely proncunced for the thin
[ilm at approximately 3~4 pm. For this film the in-
{luence of the transiton region is more pronounced.
Obviously, the transmission spectrum of a rather
thick film is less sensitive to the presence of the tran-
sitinn regiomn.

The compesition x (z) found at room tempera-
tures was used for the caleulation of T{#k w) spectra
at T =282 K. as shown in Fig. 2{b). One can see
that the calculated and experimental curves agree
well.

According to the procedure described above, the
layers with rather low composition gradient ( the
builtn electric field E = dE,/d> was estimated to
be less than 30 V/cm) were investigated too. [n this
case. both composition and energy gap can be well
approximated by the linear dependence on the depth

The linear dependence of the gap on the depth
results in the constant electric field E, throughtout
the film. The continuity equation [22.23] is

diAn  paEatidAn _dn__ Glzhiw) g

d=* L3 z L7 D,
where A#n 1s the voncentration of the photogenerated
carriers and G{z .fw) is optical generation rate. In
equation {5) the diffusion coefficient I}, and diffusion

length L, are assumed to be independent on the com-
1o —
INEAR
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Fig.7  Photoconductivity spectra at 82 K measured for as-
growr film 1) and thar sequentially etched in HEr + Bro
solution lor one minute (2 and three minutes (3], The
thickness of as-growr film 12 15pm

position. The boundary conditions are

dAn
j(phl('::[]):ﬁqul: 3: o

= —g5,An{==0},

—Eméfmiziﬂ)]

JAn _
jlm;.(zzd)=ﬁqu[ E) iri{j-ﬁmdn(f—aﬂ]
= - ¢S, Ani{z=d), (6)

where m = gE3/2%2T. Here S, 1= the surface recom-
bination velocity, and W, is the width of the deple-
tion layer.

The solutions of equation (5) were used [or the
calculations of photoconductivity spectra. Experimen-
tal and calculated spectza for p-Hg; ,(d, Te {ilm with
different band gap gradient are shown in Fig. &, Fig-
ure 8 shows that in compositionally graded film the
calculated spectra are shifted towards short wave-
length region and thrs shift is large enough. And the
calculations for the known composition gradient
(curve 2 reasonably well comneide with the experi-
mental data.

Hence. by analyzing T{A w) at room tempera-
ture, it is possible to predict photosensitivity spectra
at 77K of Hg;, Cd, Te films with varying band-gep

gradient.

2 Conclusions

The measured and calculated spectra of optical
transmission in the graded-band-gap HgCdTd epitaxi-
al layers { E,<.0.25 V) grown by [.LPE on the wide

_
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Fig. &8  Phovxonductivity spectra of puype Hg - . Cd, Te
efutaxial layer with different composition gradient at T =77
K. Dots are experimental data. and curves 1,2.3, are cal-
culated data for gradients 3), 47 and A0 V. vim. respective-
I¥. B =0.102 eV, and film thuckness d = 10pm are the

same for all these curves


http://www.cqvip.com

86 gh5ZEXExH 21 %

gap CdTe and Cd?nTe substrates gave the possibility
to establish nonlinear character of band gap ( and
compositional variation } with the depth of HeCdTe
thin lavers. Froem the above investigation, one can
conclude that the optical transmission T( hw ) spectra
in Hg; - .Cd, Te LPE grown films with graded band-
gap are sensitive to the absolute value of the band gap
gradient as well as to the form of the E,{z) which
may be exponential or linear.

(Our result shows it is possibile to define the pho-
toresponse spectra of these layers at T =77 K and the
operation temperature of photodetectors by using the
measuretnents of optical transmission of HgCdTe

graded-gap layers at T =300 K,
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