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Abstract: Recent progress of infrared photoreflectance and modulated photoluminescence techniqueswas outlined with e~
cial attention focused on the significant mprovement of signal-to-noise ratio, ectral reolution and time consumption rela-
tive to the conventional techniques Application of these techniques t molecular bean epitaxially grovn HgCdTe filmswas
given as exanples, from which the potential impact of the techniqueswas foreseen on the optical study of narrov-ggp smi-
conductors and inter-subband transition of wide-ggp samiconductorswith lov-dimensional structures
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Introduction

Hg.,Cd Te as a narronv-ggp samiconductor has
found wide gpplications in infrared ( IR) detection
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MBE HoCdTe

The device perfomances depend on the camposition
and the possible defects/ mpurities of the materials the
device ismade from. For identifying the energetic posi-
tions of the defects/impurities, electrical techniques
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were widely employed® °, though they could only
provide infomation on charged mpurities Photluni-
necence (FL) " and phobreflectance (PR) are both
powerful nondestructive optical gpectrosopic tech-
niques They have been anployed widely in studies of
optical propertiesof wide-ggp samiconductors and dras
tically advanced the understanding of the optoelectronic
However,
both the conventional AL and PR experience tough Im-

characteristics of related materiald® **'.

itation when gopplication t mid- and far-IR gectral re-
gions is desirablé™ . A direct consequence is that
A and PR were hardly used in the study of narrov-gap
HgCdTe

In near-IR gectral region, AL ectroscopy is u-
qally based on a continuous-scan Fourier Trandom
Infrared (FTIR) ectrometet”’, due mainly © the
well-knovn multiplexing advantage of using a single
detector 0 measure all of the signals smultaneously
and throughput advantage of sharing noise fram thisde-
tector anong all of the recorded signals equally'™® ™.
In mid- and far- IR Pectral regions, double-modulation
R techniqueswere developed for the sake of elmina-
ting envimmmental themal background emission cen-
tered aound 1M m at room temperaturé* *',
trade-off, however, the L measuramentwas very time
conaming, and both the signal-ib-noise ratio (NR)
and gectral redlution were poor.

The situation for PR ectroscopy is rather differ-
ent A conventional PR is usually based on a diper-

Asa

sive monochramator
take derivative of optical gectrum with repect o the
pump-beam induced modulation of built-in electric
field near the sample surface The derivative nature of
PR gectrum suppreses urwanted background effects
and emphasizes structures located in the energy range
of inter-band transitions and other weak features that

The basic principle behind is ©

may not be sen in a nomal optical reflectivity gec-
21 quch a powerful technique was, however,
not gpplicable till very recent days to the Pectral re-
gionswith wavelength longer than 44 m***' | due ©
$*%  An attanpt was reported of
pushing PR measurament out to longer wavelengths by
a technigque based on a continuous-san FTIR gec-

However, the gectrum contained not on-

trum

intrinsic |mitation

trometer ™.

ly the material-relatedA R infomation but al® the sys
tan regponse contributed by surce, detector, etc ,
and even worse were the miserable SNR and Pectral
redlution, which indeed could not warrant a quantita-
tive analysis™'.

In this regard, new conceptional modulated AL
and R PR techniques have been recently developed
based on a step-scan FTIR pectometer ™ **? | which
manifest in IR ectral regions significantly enhanced
NR and gectral resolution, and obviously shortened
time conamption****". Egpecially, this PR technique
breaks succesfully the longwavelength Imitation of
41 m, and is goplicable for quantitative analysis in the
mid- and far- R pectral regions®.

1 Modulated PL by step-stan FTIR sec-
trom eter

For the previous oontinuous-scan FTIR-basd
double-modulation AL technique proposed by Reisinger
et al ™, the workflov of FL gectrum acquisition
was similar o the conventional FTIR AL in the sne of
continuous scan of the scanner, butwith wo major ex-
ceptions that (i) the pumping lightwasmodulated by a
chopper, of which the rotation frequency is referenced
0 a lock-in anplifier (L A), and (ii) the output of
the FTIR’ sdetectorwasfirst fed to theL A for demod-
ulation and the output of theL A was then fed into the
FTR for further treament

The word“
the fact that besides the external modulation by chop-
per, the scanner of the FTIR did perfom an internal

intrinsic” modulation when itmoved continuousdly, its
frequency depended on both the velocity of the scanner
V (inan/9 and the light energy v (in an™ "), which

double-modulation” came in due ©

was knowvn as' Fourier frequency” ferr, frr = 2V v
In fact, tough Iimitations in promoting NR and
gectral reolution are resulted in just because of the
“ double-modulation”. On one hand, neither the avali-
able chopper nor the FTIR’ s detecor allovs oo high
external frequency For a common mechanical chop-
per, the highest 4, isabout4 KHz The Fourier fre-
quency and hence the scanner velocity must be lov e-
nough as a condition of fy, /frr = 10 is required for a
good separation of the wo frequencies The advantage
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of quick measurament is thus lost On the other hand,

the time constant of theL IA must be significantly large
relative to the chopper frequency while obviously snall
relative o the highest Fourier frequency, which can in
practice be slected only in a very narrov time window
of 100" 10’ ms This restrains the goplicability s
verely because in most caes IR AL is o weak that the
L A needs a time constant of at least longer than 10 ms
for working correctly.

For the modulated step-scan FTIR A technique
inour lab'*", an important difference is that the scan-
ner of the FTIR gectraneter moves stepwise and the
data acquisition takes place when the scanner stays at
rest”?**). The advantages are that the extemnal modu-
lation frequency does not need  be © high and hence
a cammon mechanical chopperworks, and the problem
of sparating o modulation frequencies does not exist
anymore, and the tme constant can be slected as long
as necessary. It enaures a succesdul relution of the
compromise anong modulation frequency, scanner ve-
locity, andL A time constant

Figure 1 depicts representative AL ectra recor-
ded by either conventional FTIR AL [ (a) ] ormodula-
ted step-scan FTIR AL [ (b) and (c) ] technique for
narrov-gap Hg ., Cd, Te fims prepared by molecular

L e e e e e e BB
Hg, Cd Te
T=77K

(a) continu. scan

PL/arb.u.

* (b) continu. scan
x=0.304

(c) step-scan
x=0.287

ST VA AN Y (S VAN O V) A o B ')

0.1 0.2 0.3 0.4 0.5
E/eV

Figl R 9ectra by conventional FTIR AL method (a),
and modulated step-scan FTIR AL technique for Hg, ., Cd,
Te thin fim with (b) x=0Q 304 and (c) x=0Q 287. The
AL peaks at around Q 26 ¢/ for (b) and Q 23 ¢/ for (c)
are axcribed o HgCdTe-related transitions

1 Hg..CdTe (a)
(b) (c) FTR )
(b)x=0 304, (c) x=0 287. (b) 0 26 &/
(¢ 0 23ev HgCdTe

beam epitaxy (MBE).
kept at 77 K by a liquid-nitrogen devar The gectral
reolution is12 an”*. The time constant is st © that
the modulated AL gectrum illustrated can be obtained

within 3 10 minutes

The smple’ s tanperature is

The gectrum in Fig 1 (a) manifests a strong
peak around O 12 e/ due o the background themal e-
misson M earwhile, no evidence can be traced out at
about 0 26 &/ where AL signal fram the Hg ., Cd, Te
samplewith x =0. 304 should locate¢™. The gec-
trum in Fig 1 (b), on the other hand, is flat around
0 12 &/, but does show a strong feature around Q. 26
&/. InFig 1(c), A gectrun from anotherHg ., Cd,
Te samplewith dightly lover Cd content of x =0 287
isdepicted A distinct AL feature can be sen around
Q 23 &/, which is very cloee b the band ggp for this
Cd camposition™'. Therefore, the AL ectra in (b)
and (c) reveal the band edge related AL transition
with a NR better than 40: 1 while ranove the disturb-
ance of the themal background emission totally.

For a comprehensive camparin, thework by Re-
isinger et al istaken asa good exanple for the doub-
lemodulation L methods®. In Fig 6 of Ref 20,
the AL gectrum was obtained by 500 scanswith the
scanner velocity of @ 0355 an/sand a ectral reolu-
tion of 10 an”*. The time conamption was hence esti-
mated © be at least 25 minutes The R of the AL
Pectrun was, however, estimated o be less than 5: 1

Taking the fact into account that NR is gpproxi-
mately proportional © the square root of time conaump-
tion, we may make judgments that the modulated step-
san FTR A technique can (i) warrant a smilar re-
ault as the previous double-modulation continuous-scan
FTIR A did within 1 minute, which isonly 1/25 of
the previous technique’ s time conaumption, or (ii) ar
chieve a R at least 15 times better than the previous
double-modulation continuous-scan FTIR AL did within
a smilar experimental time conamption These signifi-
cant enhancementswill warrant a reliable and systamat-
ic L study of both tanperature and excitation power
effectson the AL property of HgCdTe materials

2 IR PR by step-scan FT IR sectram eter

A conventional PR systan consists of a mono-
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chromator as a key part, tgether with pump light (u-
sually a laser) and probe light (usually awide-band)
urce, and a st of chopper and L IA. The intrinsic
features of monochramatr, IR detector and probe light
urce foreordain that this technique could not be ex-
tended o the IR gectral region with wavelength longer
than 4P m'* %!,

A s the only attempt in extending PR technique ©
longer wavelength before the step-scan FTIR-based one
emerges, a oontinuousscan FTIR gectrameter was
anployed, and the intrinsic restriction again ap-
plied™'. The ectrum was not nomalized and there-
fore contained systan regponse and possibly environ-
mental disturbance, the NR and gpectral reslution
were miserable and unreliable for quantitative analysis
These isales jointing together cast strong Imitation on
the real usefulnessof the technique'™’.

The step-scan FTIR gectrometer-based PR tech-
nique in our lab'*® * breaks down the long-wavelength
Iimitation succesdully  Significant advances occur in
o distinct apects Firstly, it brings the advantages of
FTIR technique into full play, and thus enhances rela-
tive o the conventional PR technique the detectivity on
one hand and removes the possible disturbance of ei-
ther diffused reflected pump light and AL from the
punped sample or enviormental instability on the oth-
er hand®****". Secondly, it in principle does not need
gecial consideration with regpect © the FTIR gec-
trameter, and relaxes the Imitation on the slect of
modulation frequency for the pump light and time con-
stant for theL A, relative o the continuous-scan FTIR
PR attempt™’. This ensures a drastic improvement of
the NR, gectral revlution aswell as the time con-
sumption

Figure 2 illustrates PR measurement for an MB E-
grovn Hg ., Cd, Te sanplewith the step-scan FTIR PR
R (b) are depicted at
the same time with the final PR (c) gectrum. It is
obvious that both the R and
turbance of H, O and CO, abomtion as indicated by
vertical dashesand arrovs This type of disturbance is,
hovever, elminated in the final PR gectrun because
both R and
ously Themain features at about Q. 3 e/ are probably

technique The R (a) and

R affer from the dis

R are recorded regpectively smultane-

H,O lines Hg,.Cd,Te
CO, lines *=0317
T=77K

V/arb.u.

015 020 025 030 035 040
E/eV

Fig2 PR measurement for a MBE-grovn Hg ., Cd, Te
smplewith step-scan FTIR PR technique: (a) static re-
flectivity R (b) the change R, and (c) the final PR
gectum R /R
2 FTIR PR
Hg.,Cd Te . (a)
R, (b) R, (¢)

MBE

R /R
PR

due o the band-to-band transition of the Hg ., Cd, Te
sanple, according o temperature-dependent empirical
relation for band-ggp energy [ 29].

It is notaworthy that the PR gectra illustrated in
Fig 2 and 3 were recorded by a remlution of 8 an”*
within 15 minutes The NR’ s are in the range of
(13 40):1 The gpectra, e g , illustrated in Fig
6 of Ref 15 and Fig 2 of Ref 32, were recorded/de-
picted only in a very limited gectral range, from
which SNR could not be reliably detemined, and no
hintwas presented about the time conaumption Nev-
ertheless, the separation betveen wo adjacent data
points is identifiable fran the ectra, and the pectral
reolution can hence be estmated o be at least worse
than 200 an " *.
as that is used in the step-scan FTIR PR measure-

This valuewasover 25 times as large

ments in the similar ectral region
tramely high tme consumption for mproving the gpec-
tral reolution if the mprovenentwas not mpossible,

It may hint ex-

and indicate unanbiguously that the gectrum recor-
ded by the continuous-scan FTIR PR attanpt can not
be used for quantitative analyses even if a phenomeno-
logical discussion could be conducted These facts
warrant the step-scan FTIR PR a reliable, feasible
and the only functional technique in the mid-and far-
IR spectral regions
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3 Application on narrow-gap HgCdTe

A straightfoward but mportant gpplication of R
PR and modulated R. on narrowv-ggp HgCdTe isfor the
band-edge electronic structures, e g , band gap and
impurity/defect levels Egecially, the combination of
the twvo techniques may ensure a characterization of
both donor-and accepior-like impurities reliably, and
hence provide a pathway for the study of amphoteric
behavior of arsenic doping in HgCdTe

Figure 3 dhovs amodulated AL pectrun together
with its curve fittings for a MBE-grovn Hg ., Cd, Te
sanple at a tamperature of 11K The line shgpe of the
R gectrun is asymmetric with obvious shoulders on
both sides The NR and gectral relution are
good that theoretical treatment, e g, curve fitting,
can be perfomed reliably The realt indicates that
uch a line shgpe can bewell fitted with three Gaussian
lines asplotted in dashes in Fig 3, the energy and in-
tensity of each reveal the properties of related transi-
tion From this procedure and combiningwith, e g ,
tamperature- and/or excitation pover-dependent meas
uranents, the band-to-band and shallow-level related
transitions can be investigated and the infomation on
the band ggp and mpurity levelsmay be extracted

In Fig 4(a), a PR gectrun isillustrated in dots
for the ssme Hg ., Cd, Te sanple at 150 K To draw
infomation about near band-edge electronic structures,
least-gquare curve fittings are perfomed basd on a

— T T
A Hg, CdTe
P x=0.287
1h4 T=11K
(1A%
nll‘
ot
. oot
3 It \"
I
ﬁ n‘ [N
< IR
i ot
A
I } /Al\%
Vo
/( /o
[AVAER
’ X \
_4‘/\\-_\___ |
ORI DO T N S T I T S S S N
0.20 0.25 0.30

Fig 3 HA. gectrumn and its curve fitting for aMB E-growvn
Hg . ,Cd Te sample at 11 K Dashes represent the campo-
nents of an optimized fitting

3 MBE Hg.,Cd Te 11K

third-derivative line-shgpe function for unbound situar
tion and low electrical field modulation'* **’

AR—R ZAé(E-E+F)25 ,

where A, and ¢; are the anplitude and phase of the line
shgpe, E; andl | are the energy and broadening param-
eter of the particular transition, regectively The fit-
ting reault isplotted in lid line and the critical ener-
gies aremarked by vertical arrows in Fig 4(a). Clear-
ly, the PR gpectrun manifests more infomation than
the L gectrum, egpecially in the energy range below
the band ggp. These critical points are related t both
challowv- and deep-level mpurities, according to their
energies and sparations*.

Experimental support o this judgment is illustra-
ted in Fig 4(b), inwhich the PR gectra are recorded
at a tamperature of 77 K for three HgCdTe smples
with different doping and annealing treaments It is
clearly seen that themain peak energy and the PR line
shgpe aswell are different fran sample o sample, es
pecially, the difference in lov energy side is drastic
[29]. Thisindicates that PR can distinguish quitewell
dlight difference resulted in by sample’ s preparation
and/or post-growth treament

A s PR measurament can be perfomed effectively

at both high and low ternperatures s/stematlc analysis

YT

T

AREEREEAS REREE RN

Hgl Cd Te s Hg ca Te
(a) T=150K (b)T 77K
0.287

J\N Vs

PR/ab.u

PVJ 0.317

..............

015 020 025 030 0.20 0.25 0.30
E/eV EleV

Fig 4 PR gectrun forMBE-grown Hg ., Cd, Te sanple
(a) at150 K for x =0 287 in dots, and (b) at77 K for x
=Q 287, Q 317, and O 310, regectively Line-shgpe
fitting isplotted in olid line in (&), the critical energies
are marked by vertical arrovs, and the highest energy cor-
reponds  band gep

4 MBE Hg_ , Cd Te PR (a) x=0
287 150K PR . (b) x=Q 287,Q 317
Q 310 77K PR . (a)
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of temperature-dependent PR gectra will reveal not
only a camplete mg of band-edge electronic structure
but al® its ewolution with tamperature
expected 0 play a significant role in reneving the ac-

It is therefore

tivity in optical study of narrov-ggp HgCdTe Further-
more, the IR PR may al® find right gpplication in the
study of inter-subband transitions in wide-band smi-
conduciorswith lov-dimensional structures, in the vien
of recent R PR measurementson InA s/ GaA s quantum-
dot materials designed for quantumn dot IR detector gp-
plication

Summary

To sammarize, recentprogressin IR PR and mod-
ulated A technigues are outlined, with main interest
focused on the mprovement o the parameters of ec-
tral NR, relution and time conamption relative ©
previous continuous-scan FTIR-based PR and double-
modulation AL techniques, regectively The reaults
indicate that the new techniques can warrant at least
one order of magnitude mprovement o the paraneters
Preliminary goplications on MBE-grovn HgCdTe films
show that these techniquesmay enaure detailed study of
band-edge electronic structures and doping/annealing
dependence Such progress is expected o play a key
le in renaving activities in optical study of narrow-
gep HCdTe

One of the authors (JS) thanks Guoliang Shi for
technical supports The assistance fom FE Y. Yue and
W. Huang in the early stage is acknowledged
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