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Photoreflectance spectroscopy with white light pump beam
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Using a dual chopping scheme where both the pump beam and the probe beam are chopped, we
show that it is possible to perform photoreflectance spectroscopy with a broadband white light
source as the pump beam instead of a laser source. We show that although the signal strength is
reduced by a factor of #/ in the dual chopping scheme, it nevertheless has several advantages. A
white light pump beam provides a wide range of excitation energy values, enabling one to
characterize semiconductors of different band gaps spread over a wide energy range with a single
modulation source. In the case of semiconductor heterostructures, simultaneous as well as selective
excitation of different interfaces can be achieved easily. This technique is not plagued by the
problem of background due to luminescence often encountered in low-temperature photoreflectance
measurements. In this article, we present the details of this technique and demonstrate its usefulness
by applying it to selected semiconductor heterostructure samplesl998 American Institute of
Physics[S0034-67488)00503-§

I. INTRODUCTION However, an easy solution to this problem can be achieved if
it were possible to use a white light source as the pump beam
In recent years, nondestructive electromodulation techwith ordinary colored glass filters for selecting the required
niques of photoreflectand®R? and contactless electrore- broadband pump beam wavelength range. In the case of het-
flectance (CER)® spectroscopy have gained considerableerostructure samples where signals from the various layers
popularity as tools for the study and characterization of semieo not merge together, the use of a white light pump beam
conductors and their heterostructuf@sOf the two, PR is a  should make it possible to simultaneously modulate all the
relatively simpler technique, however, CER has an advaninterfaces and characterize all the layers at one go. Thus, the
tage over PR in that the latter is plagued by the problem otise of a white light pump beam in photoreflectance spectros-
high background due to scattered pump light and lumineseopy can provide simultaneous as well as selective excitation
cence at low temperatures. Furthermore, in CER it is posef different interfaces of a heterostructure sample. In conven-
sible to simultaneously modulate the reflectivity at the inter-tional PR spectroscopy, it is not possible to use a white light
faces between various layers of a heterostructure sample widource as the pump beam for reasons discussed below. We
different band gaps, thereby enabling the characterization dfave been able to solve this problem by adopting the dual
the whole structure. In a conventional PR measurement, witchopped photoreflectand®CPR technique described be-
a fixed pump beam wavelength, this may not always be podew.
sible, particularly if the pump light is asbsorbed in a top
layer and the excited carriers are unable to reach the interfdl. PUAL CHOPPED PHOTOREFLECTANCE
cial regions lying underneath or if the pump beam photons  This technique was originally used by Letal® to
do not have sufficient energy to excite carriers. A commorovercome the problem of the scattered pump laser beam
problem often encountered in the analysis of the spectra dh photoreflectance spectroscopy. Thereafter Chandler-
heterostructures is that of separating signals corresponding tdorowitz et al° and independently Ghosh and Arbraave
various layers, which may overlap or lie close togetherused it to overcome the problem of luminescence that is
Similarly, it is difficult to distinguish signals from the two encountered at low temperatures in photoreflectance spec-
interfaces of a layer. It is here that PR can have an edge ovéroscopy. Chandler-Horowitet al. suggested that the signal
CER if it should be possible to separately excite carriers irstrength in the dual chopping scheme is reduced by a factor
selected layers of a multilayered sample and thereby separadé 1/2, however, our analysis detailed below shows that it is
signals from different interfaces/layers. In a conventional PRhot so.
experiment, selective modulation of various interfaces with a  In a conventional PR measurement the pump laser beam
fixed wavelength pump beam source is difficult to achieve ass chopped at a frequendy (angular frequencw,=2xf,),
a pump beam wavelength suitable for generating carriers ivhich modulates the reflectivity of the sample at that fre-
one of the layers of the heterostructure sample may not bguency. The chopped laser beam has a near-rectangular wave
suitable for another. To address this problem, use has bedarm, but in our analysis we shall only consider its first Fou-
made of different laser pump beam sour8ézump wave- rier component onto which the lock-in amplifiétlA ) locks
length tunability has also been achieved by using a highen. The time-dependent reflectivity of the sample, due to the
power xenon lamp in combination with a second monochroperiodic modulation of the electric field at an interface by the
mator as the pump beam sourfchleasurement techniques pump laser beam, is a function of the incident probe beam
such as differential photoreflectaficeave been proposed. photon energyE, and is then given by

0034-6748/98/69(3)/1261/6/$15.00 1261 © 1998 American Institute of Physics

Downloaded 14 Jun 2002 to 158.144.58.148. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



1262 Rev. Sci. Instrum., Vol. 69, No. 3, March 1998 S. Ghosh and B. M. Arora

2 . QI - 10W QTH lamp

R(E)=Rg(E)+ p AR(E)sin(w;t), (1) Q2 ’///Q\: Q2 - 150W QTH lamp
C1,C2 - optical chopper

L f1,f2 - chopping freq.

whereR(E) is the reflectivity of the sample in the absence Moo F - optical filter
of the pump beamARy(E) is the amplitude of the change in _chromator Aprobe L, M- lens , mirror
reflectivity due to the modulation. We have neglected the be
. e probe___ =
other dc tern] = AR(E)/2] in Eqg. (1) as it is much smaller beam LCD ch

. S . L lit
thanRg(E). The probe beam intensity is dc and so the sig- f Sll \|1
nal S; from the detector will be given b sample N
1 e S TS
2 M
— ; pump
Sl_ | O(E)RSO(E)+ ; Io(E)ARS(E)S”']((Dlt), (2) /%C\{DL beam f] ol computer
where 1o(E) is the probe beam intensity and includes Sélt‘ecc‘:gr
the measurement system’s response to the incident photor | ref @ fi+ ) Comm. port
energy including that of the lamp, the monochromator, .
. . . Sum Lock-in AtoD
the optics, and the detector. Thus, if one locks on to the Signal frequency amplifier || (partof Lock-in)
frequency f,;, one can measure a signal proportional to processor generator

(2/m)1o(E)ARs(E). Then, dividing this spectrum by the | R TAR |
simple reflectivity spectrum (1) o(E)Rso(E), one gets the e Rl d(c"sign)al TILR)
required PR spectrum in the form afR,/Ry, as a function - °

of energy. Now, the problem with this technique is that the FIG. 1. Schematic of the experimental setup.
pump light(lase) scattered from the sample surface reaching

the detegtor Is choppedl at the same frequerigy @ which . from the outputs of the two choppers that chop the pump and
the lock-in detects '_[he signal. Typically, the PR signals are i, . probe beam, then one can measure a signal proportional
the uV range while the scattered pump beam strengti}o (2/72)14(E) ARg(E). However, since the LIA is no longer

d_epends on the surface quality of the sa_mple_and can be f6cked onto the frequency; at which the scattered pump
high as a few mV. Therefore, the PR signal is completelybeam signal arises, it no longer hampers our measurement

swamped by the scattered pump beam reaching the detect%‘rnd we can do away with the lorg/avelength pass filter

T.O overcome t.h's problem, a lorigavelength pass optical used to block the scattered pump beam. This, in turn, allows
filter is placed in front of the detector to cut off the scattered

s to use a wideband white light source as the pump beam
pump beam light. This, in turn, means that all the spectraLliJ ¢ pump

. “Tor photoreflectancé WLPR) measurements. As before, di-
features at wavelengths shorter than the cutoff of the optlca\}iding this spectrum by a (2/)14(E)Ry(E) spectrum we
. S

filtber (gr in ﬂ:ﬁ region around Ithe pumg bei)am (\;vbaveéengf[h Ifget a 1r(ARs/Rgy) spectrum as a function of energy. We,
a bandpass filter were useate lost. So, if a broadband white therefore, find that the signal in a DCPR spectrum is 1/

light pump beam source was used in the place of a Iaseﬁ’mes that in a conventional PR spectrum. This has been
source, the above would translate to the whole spectrum l:i

xperimentally verified earliét and it contradicts the sug-
ing lost. To overcome this problem we have adopted the du P Y g

. . estion of Chandler-Horowitzt al. who claimed that the
chopped photoreflectance technique, wherein both the pu duction factor was 1/2. Also, at low temperatures the pump

and the probe beam are chopped at frequeniiesnd f, beam excites luminescence in the sample, which for good

respectively. The probe beam is now a near-rectangular Wavc'fuality samples is much larger than the PR signal, and like
form and cons.idering' its first harmonic, the sigisal from the scattered pump beam has a periodititand, ther7efore,

the detector will be given by swamps the PR signal in a conventional single chopping ex-

_ periment. In this case, one cannot even use an optical filter to

S;=— lo(B)sin(w;t+ ¢) XRy(E), (3 cutoff the luminescence as it occurs in the same spectral

region where we expect the PR signature to be. However, it

whereg is the phase difference between the first harmonic ofs clear from the preceeding analysis that the DCPR tech-

the ac component of reflectivity and that of the probe beamique will not be hampered by the luminescence problem, a
att=0. Upon expansion using E{), Eq. (3) becomes fact which has been shown earlier through experim&ts.

2 .
S2=— To(B)Rso(E)sin(w;t + ¢) lIl. EXPERIMENTAL DETAILS

> Figure 1 shows a schematic of the experimental setup.
+ —5 lo(E)ARJ(E)cog (w14 wy)t+ ¢] The pump beam is obtained by passing the light from a 10 W

™ quartz—tungsten—halogd@TH) lamp through a slit and is

focused to a spot size of 0.8 M2 mm on the sample. It is

+ — 1o(E)AR((E)cog (w1— wo)t— ¢]. (4) chopped at frequency,(=139 Hz) by chopper C1. The

7 pump beam spectrum is shown in Figcy¥ The probe beam

Thus, if in-phase detection is made at a frequehgy f, is obtained by dispersing light from a 150 W QTH lamp

(f,—f, will have larger 1f noise, which is synthesized using a 1/8 m monochromator. It is chopped at frequency
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Band pass filter : fo=170Hz, Q =40

Sq. wave
from chopper 2
@fy=170Hz

+15V -15V

56K

Band pass filter : fo=309Hz, Q=40

R;1.83K

Sq. wave
from chopper 1
@ fy= 139Hz

Maultiplier

Sine wave
to Lock-in Ref. input
P.5K @ fy + f=309Hz

6.8K OA - 1/4 LM324 Quad Op-Amp
Cl1=0.1pF , C2=0.047uF (all polycarbonate)
Power supply to Op-Amps = (+/-) 12V

FIG. 2. Circuit diagram of the sum-frequency generator.

f,(=170 Hz) by chopper C2. The sum-frequency generatoputs from these two filters are then fed to an analog four-
synthesizes a sinewave at frequerigy- f,(=309 Hz), us- quadrant multiplier, which in the present case is the chip
ing the outputs from the two chopper controllers. éual®  AD-533 from Analog Devices. The output of the multiplier
did not give any details of the circuits used by them to genis filtered by another bandpass filter tuned at f,, which
erate the sum frequency while Chandler-Horowatzal'®©  passes this component and blocks the-f, component.
did do so. Our circuit for generating the sum frequency isThe output atf,+f, is fed as reference to the lock-in am-
different from that of Chandler-Horowitet al. in that while  plifier.

they used passive—C filters and exploited the nonlinear The signal from the silicon photodiode detector has the
characteristics of a junction field effect transistdFET) for ~ following main componenté) a square wavéat f,), whose
signal multiplication, we have used actiRe-C filters and an amplitude is proportional to the sum of the scattered pump
integrated circuit multiplier chip for signal multiplication. beam intensity and the luminescen@ low temperaturgs
The sum-frequency generator circuit is shown in Fig. 2. ltintensity (= few mV); (ii) a square wavéat f,), whose am-
consists of two bandpass filters at the input stage tuied ( plitude is proportional to the reflected probe beam intensity
=40) atf, andf,, which pick out the first harmonics of the (= few hundred mY; and (iii) harmonics af,+f, andf;
input rectangular reference wave forms from the two chopper-f, (and others at the sum and difference of the multiples of
controllers and amplifies them. The resist®&scan be ad- f; andf,), whose amplitudes are proportional to the change
justed to fine tune the peak response frequency of these ciin the reflected probe beam intensity due to the periodically
cuits. The design equations for determining the componentnodulated reflectivity of the sample= few tens of uV).
values can be found in Ref. 12. The amplified sinewave outAlthough the large ac signals at frequendigandf, are not

Band pass filter : fo=309Hz, Q=77

AC.out @309Hz,G=1
to Lock-in's Signal input

68K

P-10K
R¢
10K
D.C. outto
Lock-in's A to D input
M .
P- 10K al Low pass filter : f; = 4Hz al o
B * on AV."?:%AK Pos. - Gain
+ 220K 6.8K B 1 -1
OP-O7DP 100K 82K 39K 03 % - g
22K 2
o 470K a1 1
! 470K
o Variable gain amplifier
Current signal input $ "
from photodiode detector with D.C. offset

OA - 1/4 1LM324 Quad Op-Amp :  Power supply to Op-Amps = (+/-) 12V
Cl=1uF , C2=0.047yF (all polycarbonate) : R;=P-5K(1.8K), Rq=P - 50K (40K)

FIG. 3. Circuit diagram of the signal processor.
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detected by the LIA, which is locked &+ f,, they never-

theless saturate the input amplifier of the LIA and add to the 8

noise, thus preventing the measurement of the small signal . 4

f,+f,. This necessitates passing the signal from the detec 0

tor through a signal processor before the signal is fed to th &

LIA. The signal processor circuit shown in Fig. 3 has two -4

parts. After the current signal from the detector is convertec o' .g

to a voltage signal it is fed to two channels. The first one ha: % 2

a bandpass filter tuned &t+f, (Q=77). It passes the sig-

nal proportional td o(E) AR¢(E), which is then measured by 0

the LIA. The resistor®; andR, can be adjusted to fine tune

the peak response frequency a@pdrespectively, of this cir- 2 - WLPR spectrum -

cuit. The second channel has a low-pass filter, which output O T O ISV U ST ST S S

the average dc signal from the detector after suitable ampli 1.30 1.35 1.40 1.45 1.50
Energy (eV)

fication. We make use of the fact that the square-wave sign: A

at f, whose amplitude is proportional 1g(E)R(E), is by

far the largest and has an average dc value proportional 1

the amplitude of the square wave. Therefore, the average ¢

signal directly gives a measure Igf E) Rs(E), which is then

read via one of the analog-to-digital conversion inputs pro- & |

vided as an added facility in most modern LIA. The design o b

equations for determining the component values of the filte 0.5 1.0 B 1.5 v)2.0 25 3.0

circuits can be found in Ref. 12. However, the filtered dc part nergy(e

also has a contributiofrelatively small in comparison to the

main signal due to the probe beafrom the scattered pump , N , ,

beam, which we do not want. But since the pump beanJIZIG'A" (a) Conventional PR spectrum of a semi-insulating InP sample using
! . : a He—Ne lase(632.8 nm pump beam(b) WLPR spectrum of the same

wavelength is not changed during a measurement, thereforgample. The circles are data points and the lines are theoreticatfiEhe

it gives rise to a constant background. In order to record thispectrum of the pump beam in the WLPR experiment, the shaded part is

constant background, we switch on On|y the pump beam anarongly gbs.orbed by InP. The photon energies of the He—Ne ahthsers

not the probe beam before the start of the measurement, THE &S0 indicated.

dc reading under these conditions gives the magnitude of the

background, which is nulled or subtracted by the data acquingical broadening parameter to be 1.347 eV and 11.6 meV,
sition software. A computer is used to acquire and store thesgnjle from the WLPR spectrum these are estimated to be
signals along with the wavelength information, which to-1 346 eV and 11.6 meV, respectively. Similarly for thg
gether yield the spectrum. Although all the measurements;. A ; transitions, these quantities are found to be 1.45 eV and
reported here are taken at room temperature, the fact thal 1 mev from PR and 1.451 eV and 23.5 meV from WLPR.
luminescence at low temperature does not present a problegy has been shown above, in the dual chopping scheme the
in the DCPR measurement scheme has already been demafigna) strength is reduced by a factor ofrlds compared to
strated earlie?-** the conventional single chopping scheme. Also, the addi-
tional electronics such as the high bandpass filter adds to
the noise at the detection frequenty+f,. However, the
decrease in the signal-to-noise ratio is not critical, as we have
Figure 4a) shows the PR spectrum of a semi-insulatingshown above that it is possible to obtain identical informa-
InP sample using a He—Ne las@32.8 nm as the pump tion using a white light pump beam in the dual chopping
beam while Fig. &) shows the WLPR spectrum of the same mode as with the laser pump beam in the usual single chop-
sample. Figure &) shows the pump beam spectrum in the ping mode. Note that the part of the pump beam spectrum
WLPR case, where the shaded region is the part of the speethose energy lies below the band gap of InP is not useful for
trum having photons with energy higher than the band gap ofieneration of free carriers in the sample but it adds to the
InP, which generate electron—hole pairs and modulate theoise in the measurement when it reaches the detector after
surface electric field in the sample. The incident pump beanbeing scattered by the sample. The use of a shwave-
power in the WLPR experiment is equal to the area under théength) pass optical filter to cutoff this part of the pump beam
shaded region and is about 0.56 mW, while in the PR experiean improve the signal-to-noise ratio. It has also been shown
ment a 4 mW He—N#éaser is used. This explains the reducedthat the problem of noise and the consequent longer data
signal strength of the WLPR spectrum. The two featuresaveraging times with slower scan speeds in a typical modu-
seen in these spectra correspond to Eye(band gap and  lation spectroscopy experiment can be effectively dealt with
Eo+Ag (spin-orbit split-off gap transitions of InP. By fitting by using Fourier transform based filtering technigtres.
Aspnes’ third derivative functional forfifDFF*) line-shape In the following two examples we show that WLPR
function to these band-edge features in the PR spectrum, wapectroscopy has distinct advantages over the conventional
have estimated thie, energy and the associated phenomenoPR spectroscopy in the study of semiconductor heterostruc-

Pump beam spectrum ]

He-Ne laser Ar* laser

IV. RESULTS AND DISCUSSION
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lier. Note that had the Al concentration been higher, then its
spectrum would have been lost completely. This spectrum
also shows a feature at 1.42 eV, which is due to the GaAs
layer. The weak oscillatory features at energies below the
Al 3Ga gAs feature can be identified as arising due to op-
tical interference effect§ since their periods match those of

8.0Il[ll|||l|ll|||l[]l¥llllllllfl
| N-Al,,Ga (As / GaAs

40 -

PR - 488nm pump

00 the oscillatory features seen in the plain reflectance spectrum
of this sample. A weak structure is also seen at 1.47 eV. This
-4.0 feature does not look like a continuation of the interference
L - oscilations; however, it is difficult to pinpoint its origin since
40 — - it virtually merges with the weak interference related oscil-

latory features. This spectrum, however, shows that out of
the two possibilities mentioned above for not being able to
see the GaAs feature in the spectrum of Fig) &the second
one is correct. This is because had there been no built-in
electric field at the interface we would not have been able to
see the GaAs feature at all. Second, the absorption coeffi-
cient of Aly 3.G& g6AS being lower at 632.8 nm than at 488

s nm, the pump beam is able to penetrate deeper towards the
. AlGaAs/GaAs interface and thereby create charges there to
modulate the electric field at that interface. In contrast, the
i WLPR spectrum of this sample, shown in Figckh while

PR - 632.8nm pump —

(AR/R)x 10*
N
o
I
<

- GaAs

- N W Ao
T
|

| | |

1.0 0 5 10 15 20 simultaneously indicating the presence of both the
En BT x 10 Alg3Ga sAs and the GaAs layers brings out the feature at
0.0 1.47 eV quite clearly. This is because in the WLPR experi-
2DEG ment, the pump beam photons of energy less than the band-
1.0 - .

c¢) WLPR - white light pump

s b e a b v b b v e L g

1.4 1.5 1.6 1.7 1.8 1.9 2.0
Energy (eV)

gap energy of AJ 2/ Ga e6AS, but greater than that of GaAs,
are able to reach the MGa gAS/GaAs interface and gen-
erate carriers there, and hence, modulate the built-in electric
field at that interface to a greater extent than was possible in
the earlier two measurements. To identify the feature at 1.47
FIG. 5. (a) Conventional PR spectrum of a N-AlGa ¢AS/GaAs hetero- €V We consider the following. This sample structure is ex-
structure sample using an Aion laser(488 nm pump beam(b) PR spec-  pected to support a two-dimensional electron ¢2BEG)
U\m:sf the same ?i\?ple using a l-lle—TNhe l_a(ﬁe’tz-ffhnn) pumlptb?ater(C) t whose signatur@® should lie at energies higher than the
numbersnpgfC t[]lien:)gcilIa?o?';rpeeatsuagspt?éyonz I:rL].SfS Zvoivr\:sth?i/\(l)LSR szeec)ir[ler:% aAs band gagl.42 eV). This, however, is als.o the region
Vs (En— Eocand ¥ En=energy at which the extrema occurs. The circles areWhere one expects to see Franz—Keldysh oscillatiBH<).
the data points and the line is a guide to the eye. The inset in Fig. 5 shows a plot of the oscillation extrema
numbern versus E,— Eggand>’?. This plot is expected to
be linear in the case of FKJsbut in the present case it
tures. Figure &) shows the conventional PR spectrum of adeviates from linear behavior. Therefore, this structure is
metal—organic chemical-vapor depositifMOCVD) grown  most probably the 2DEG signature. Fitting the appropriate
Al,Ga _,As/GaAs heterostructure sample using an faser  line-shape functichto this feature, we find the transition
(488 nm pump beam. The sample consists of a @3 thick  energy to be 1.471 eV from which we estimate the sheet
N-Al 3:Ga e6As layer grown on an"-GaAs substrate with carrier concentration in the 2DEG layerto be 2.9
a 0.15um thick undoped GaAs buffer layer in between. In X 10'* cm™2. Thus, we were able to simultaneously charac-
this spectrum, we see no signature of the underlying GaAterize all the layers of the sample. It is evident that more
layers. This can happen either due (i® there being no information could be obtained from the WLPR spectrum as
built-in field at the A} 3Ga, ¢gAS/GaAs interface ofii) the  compared to the conventional PR spectrum of this sample.
pump beam is completely absorbed by the) Aba gAS In the next example, we demonstrate selective excitation
layer and is not able to reach the AlGa, ¢gAS/GaAs inter-  and probing of semiconductor quantum well interfaces using
face and generate carriers to modulate the built-in electri®’WLPR. Figure 6a) shows the conventional PR spectrum of a
field at that interface, while the carriers generated in theMOCVD grown InGa _,As/GaAs single quantum well
Aly3Ga edAS layer are also not able to reach that interface(SQW) using a 4 mW He—Ndaser pump beam. The sample
to do so. Figure &) shows the conventional PR spectrum of consisted of a=100 A thick Iny ,Ga, 7/As layer grown on
the same sample using a He—Ne lag882.8 nm as the ann*-GaAs substrate with an undoped Q6 GaAs buffer
pump beam. The part of the {.G&, ¢6AS Spectral feature at layer in between and an undoped 04/ GaAs cap layer at
energies higher than 1.91 eV is lost because of the use oftae top. The transitions corresponding to the various features
645 nm long(wavelength pass filter in front of the detector seen in the spectrum were identified by comparing their en-
to block the scattered pump beam for reasons explained eagrgy positions with calculations based on the envelope wave-
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D0 e ergy lower than 1.31 eV, while those below 1.16 eV are not
ellhhl ' ! 2hh2 [ ' ' absorbed by the SQW. In this energy range the pump beam

elhh3 elih 3 PR - has a power=0.22 mW that is only partially absorbed in the

0 thin SQW layer to generate carriers in the well. On the other
X5| hand, in the conventional PR experiment, a much higher
3 number of carriers are generated by the 4 mW He—Ne pump
=20 - - beam being absorbed in the thick GaAs layers. Thus, the
2 a3l In,,Ga, . As/GaAs SQW B field quulatlon giving rise to the spectrum in Figapis
~ much higher than that in Fig.(6). This explains the order of
% 5 magnitude larger signal strength in Figapas compared to

* that in Fig. &b). The nature of the spectral features is, how-
ever, the same in these two measurements. We have esti-
mated the value of the built-in electric field from the FKOs
in Fig. 6b) (=1.8x10* V cm™1) and found the same value
A D N A B as estimated from the FKOs in Fig(a. This confirms that
. 120 125 130 1.35 140 1.45 1.50 nearly the same electric field exists at the SQW interfaces as
Energy (eV) at the air/GaAs interface. We have also calculated the energy
levels of the structure using the tunneling resonance tech-
FIG. 6. () PR spectrum of a strained JaGa, ;As/GaAs single quantum 'MdU€ to S_OIV? the Schd_mger equatl_on in the. presence of
well sample using a He—Ne lasé832.8 m pump beam. The calculated this electric field. We find that a field of this magnitude

transition energies are indicated by the vertical liflesWLPR spectrum of  causes only a minor redshift in the values of the various
the same sample but with a InP filter in the pump beam path. transition energies.
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