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A careful examination of two-photon absorption in CdTe and three-phot on absorption in 

CdS and ZnSe was made by studying the transmission of picosecond pulses at 1.06 um and the 

photoacoustic signal generated in the sample by the absorption of light. We found that in 

order to separate the direct non 1 i near absorption from the subsequent absorption by the 

photogenerated carriers, careful analysis of the data over a wide range of irradi ance 

levels was necessary. The nonlinear absorption coefficients for these three materials 

were determined, as well as .an overall excess carrier absorption cross section. In addi

tion, for CdTe we used two different temporal pulsewidths to verify our analysis. The 

photoacoustic data had a 1 to 1 correspondence with the transmission data indi cat ing that 

this · mor!! sensitive technique should be useful for measur ing nonlinear absorpt ion spectra 

in solids with a variety of less powerful la sers. In addition for samples such as BK7 

glass, which showed no nonlinear transmission even when surface damage occured, tbe photo

acoustic signal showed abrupt large increases when damage occured. No nonlinear absorp
tion was observed in two types of CVDr ZnS prior to damage. 
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1. Introduction 

Over the past several years there has developed an increased interest in the nonlinear optical 

properties of semiconductors for use as active e 1 ements in integrated opt ics . Add itionally t here has 

been considerable controversy over the initiation process of laser induced damage , multiphoton absorp

tion being a prime candidate for supplying the electrons to start an avalanche [1 ,2]. As such, the 

magnitude of 2, 3 and higher order multiphoton absorption processes are of interest. Additionall y 

since selection rules for nonlinear absorption are different than for linear ab sorption new in forma 

tion on band structure cons tan ts are obt ained [3,4] . 

He observed two-photon absorption (2PA) in CdTe by monitoring the transmission and photoacoustic 

signals using single picosecond 1.06 um laser pulses [5]. A wide range of irradiance leve l s was used 

up to the point at which front surface damage occured. At such high light l evels 2PA induced carrier 



absorption wa.s the dominant loss mechanism. Even at a relatively low irradi ance these excess carriers 
significantly affected the absorption. We perfonned these measurements using two different pulse

widths to verify the effects of photogenerated carrier absorption. 

Three photon absorption ( 3PA) in CdS and ZnSe was observed in a similar manner. Again induced 

carrier absorption was dominant at irradiance levels near those required to produce damage. Nonlinear 

absorption larger than predicted by 3PA plus induced carrier absorption at high irradiance levels was 

observed in both samples. No nonlinear absorption was observed in CVD ZnS, either heat treated 

(Cleartran*) or non-heat treated, or in BK7 glass. A l arge increase in the photoacoustic signal was 

observed when the BK7 glass surface damaged. Such a large increase upon damage was not observed in 

CdTe, CdS, or ZnSe . 

2. Theory 

The change in light irradiance I of a laser pulse as a function of depth z in a sample which 

exhibits n-photon absorption is given by 

di 
dz ( 1) 

where a is the linear absorption coefficient, and fln• n = 2, 3, ... is the multiphoton absorption 

coefficient [6]. (Lower order multiphoton absorption events are neglected whenever (n - 1) hw < Egap 

the band gap energy), oex is the "mean" li near absorption cross section for multiphoton excited el ec

trons and holes with Nex (the number of multiphoton excited carriers) determined by 

(2) 

Recombination and diffusion during the picosecond pulses are neglected. Nex i s assumed negligible 

prior to the laser pulse. Neglecting the exc ited state absorption (oex = 0) eq. (1) gives 
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where R is the surface reflectivity and I(O,r,t) is the irradiance incident on the front surface of 

the sampl e . The effects of rear surface reflect ions, which can be significant for high index 

*Cleartran is a trade name for CVS ZnS used by eve Inc . Woburn, MA, to desc ribe material whi ch has 
been made "water clear" by a propri etary heat treatment process. 



materials, have been neglected. These effect s are di sc ussed in Ref. a. From eqs. 3 and 4 and similar 

equations ~or . higher order multiphoton abs~rpt ion processes it is clear that 

{ 5) 

where T is the transmission through the sample. Thus a plot of T1-n as a function of rn-1 yields a 

straignt line whose intercept determines the linear absorption coefficient a, and whose slope deter

mines the nonlinear absorption coefficient Bn· Integral s over the measured Gaussian spatial and tem

poral profiles give a 2"egative fUrvature to these lines . ~/e take the incident irradiance to 
be I{O,r,t) E I

0
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The increased sensitivity of the pho~oacoust ic { PA) method over transmiss ion has made PA ( opto

acoustic) spectroscopy extremely useful ,for the determination of small linear absorpt ivities {down to 

10-6 cm- 1) [9,10,11]. The increased sensitivity is due to the ability of PA spectroscopy to direct ly 
measure the absorbed energy, rather than measure a small change in the large transmitted energy. A 

similar advantage i s incurred for nonlinear absorption measurements, however, the total linear absorp

tion then appears as a background [5,7] . In order to observe the nonlinear absorption it must be com

parable to the linear absorption. This .restriction limits the applicability to low loss samples, 

which m~ans that pure materials are ne~ded since the photon energy is below the band-gap energy for 

multiphoton absorbing samples. 

Calculating the energy absorved, Eabs• in the sample, which i s direct ly proportional to "the PA 

signal, [10] yields {negl ecting rear surface r eflections) 

Eabs 
1 

_ R T 
-E- = --1-R 

inc 
{8) 

where Einc is the energy incident on the sample. Equation 8, of course assumes the fluorescence 
efficiency is small, as was the case for the semiconductors s tudi ed . This equality allows us to pre

dict from the transmission measurements what is expected for the PA measurements. For low total 
absorption, {i.e. {a+ e2I) L « 1 or (a+e3I2)L « 1 etc.). 



1 
e I n-1 

(1 - R)n- 1L]/( l -R )2(n-1 ) [1 + (n - 1) a L + (n - 1) n o (9) Tn-1 = nfn 

and 

Eabs 
e I n-1 

(1 - R)n- 1] (1 - R)L[a + 
n o (10) 

Einc = nl"il 

showing more explicitly the increased sensitivity of the photoacoustic technique . The term includ ing 
lln for the PA method is ccxnpared to a term invol ving a, which can be very smal l, rather t han being 
compared to unity. 

The effects of the absorpt ion of carriers created by nonl inear absorption can be included by 
numerically solv i ng eqs. 1 and 2 us i ng Gaussian tempora l shaped puls es , and then integrating ·the 
result over t he Gauss ian spat ial profi l e. The carrier density is t aken to be zero pr ior to the pul se . 

3. Experiment 

The laser source used in these experiments was a microprocessor-controlled, mode-locked, 
Gaussian-mode Nd:YAG laser producing single pul ses of up to 10 mJ per pulse at 1.06 llm as shown in 
figu re 1. The pulsewidth was variabl e between -30 and 200 psec (FWHM) by choos i ng vari ous etalons for 
the output coup ler. The tempora l waveform wa s Gaussian as determined by measuring t he second ha rmonic 

autocorrelation functi on, accepting only pul ses having a fixed ratio R. R is the ratio of the square 
of t he energy in t he fundamental to the energy produced at the second, harmonic in a doubling crystal . 
R is measured by the "tp moriitor" in figure 1. This ratio is direct ly proportional to the pul sewidth 
as was verified by measuring the second order aut ocorrelation functions for the various etalons 
[11,6]. Thus the ratio R se rved as a s ingle shot pul sewidth monitor . Da t a was accepted only for 
pulses havi ng .a pu lsewidt h wi thin - 15% of the stated va l ue as determ ined by the ratio R. The spatial 

profi le was determined to be Gaussian by performing pinho le beam scans and by observing the irradiance 
distribution on a vidicon tube. ··. The energy incident and transmitted was monitored with linear photo

diode peak and hold detectors direct ly cal ibrated against a GenTec Ed-100 pyroelectric detector whi ch 
was in turn checked against a thermop ile calorimet er. The i rradiance was cal culated frcxn the energy, 
beam profile, and pul sewidt h. Absolute irradiances are estimtated to be correct within -35% while 
relative intensity readings are within - 10%. 

Si~ce there i s a pos sibil i ty that the spati al beam prof i l e cha nges with i n the sample due to self
focus ing or defocusing, we checked the transmitted intensity profi l es on a vidi con . Al though these 
were not quantitative measurement s, no substant ial dev iation frcxn the expected broadening due to non
linear absorption was obse rved. 

The acoustic transducers were 4 mm di ameter by 4 mm thick lead zi rconate titanate cyl inders 
pressed against the sample surface with a thin coat of vacuum grease [10,12]. The acousti c signal wa s 
amplified and fed to a gated detector. The gate wa s set to sample the peak height of one of the fi rs t 
acoustic spikes caused by bulk absorption. The s ignal peak voltage has been shown to be directly pro
portional to the energy absorbed by the sampl e [10] . The signal produced by light scattered di rect ly 



onto the transducer was in several cases small compared to the s ign al s of interes t. In some cases the 

scattered s i gnal could not be i gnored a.nd gave the appea rance of an anamalously large 1 inear absorp

tion. In ot her cases such as in Zn Se this signal occured long enough prior to the bulk absorpt ion 

signal that )thad substantially decayed. 

These .ex periments were specifica l ly designed to allow s imult aneous measurement of transmi ssion 

and optoacoustic s i gnals so t ha t an absolute calibration and direct compari son was possib le . There

fo re many of the possible advant ages of the optoacoustic method were not used. 

4. Results 

We present nonlinear ab so rpti on data at 1.06 ~min CdTe , CdS, and ZnSe . No nonlinear absorption 

was observed in CVD ZnS either i n its heat treated form {Cleartran) or as depos it ed . No non l inear 
t ransmi ssion was observed in BK7 glass, but when optical damage occured a very large increase in t he 

photoacoustic s i gnal was observed with only a very slight decrease in tra nsmi ss ion. 

Figure 2 shows a plot of inverse transmission versus i r radiance for relati vely low irradiance , 40 

psec (FWfiM) pulses inc ident on a 0.30 em thi ck polycrysta lline CdTe sampl e. The straight line i s a 

fit using _eq. 6 i gnoring fr ee carrier absorption . The fit corres ponds to 62 = 35 cm/G W. Becht el and 

Smit h [6] used a s imilar technique on si ngl e crystal CdTe to obtain a value of ·25 cm/GW. We saw no 

differences in the nonlinear absorption coeffic ient with slightl y t hinner s ingl e crys tal samples. At 

h.igher irradiance l evel s , as shown in figure 3, we see that the data deviates s ignifi cantly from t he 

so lid line which neglects photogenerated carrier absorption. If these excess carriers are included by 

numerically solving eqs . 1 and 2 and integrat ing over space and time the dotted line is obtained using 

a free carri er eros s sect ion, a ex• equa 1 to 2 x 10- 16 cm2 ( 62 remains 35 cm/GW). Figure 4 shows that 

further deviat ion from s imple two- photon absorption theory ( so lid line) is seen as the i rradiance is 

increased up to the level where permanent opt ica l damage of the fr ont surface occurs . In fact, the 

opt ica I absorption from the excess carrf ers dominates the tot a 1 absorpt ion near damage. The surface 

damage i s not limited by nonlinear absorp~ion but by surface defects as described in Ref. 14 • . Figure 

4 shows an extens ion of the dotted line of figure 3. There is only a smal l deviation from the t heory 

at hi gh irradiance level s . At the hi ghest irradiances less t han 10% of the incident light i s trans

mitted. This i s seen in figure 5 which is a r epl ot of figure 4 now with transmission as the vertical 

axis. A compari son of figures 4 and 5, for low t ransmiss ion T, shows that a plot of r 1 i s more sen

s it ive to the parameters 62 and oex than a s imilar plot of T. The reasons for the observed dev i at ions 

are unclear but the theory i s certai nly oversimplified . The fact that such a good fi t is obtai ned up 

to 2 GW/cm2 where t he surface damages and where the carrier density i s ca lculated i n t his model to 

be 1019 1/cm3 is real ly quite remarkab le . 

The fits obtained are unfort unately not unique . The method used was to fit the very lowest irra

diance ignoring excess carriers to obta in 62, and t hen to include photogenerated carrier absorption t o 

fit hi gher irradiance da t a. For examp le, if we use the data of figure 3, ignore carri ers and fit this 

data to obta in 62, ·we find 62 = 50 cm/GW. As shown in figur e 6 thi s fit appears to be quite good over 

t hi s 1 imited i rradi a nee range. l f, however , we now try to add in the effects of photogenerated car

riers to ·expl a in the hi gher irradiance data we ca nnot obtai n nea rly as good an overall fit. Thi s 

observat ion may explain some of t he di sagreement in reported values for two- photon absorpton coeffi

c ients . If a 1 imit ed range of i rradi a nee is used and excess carrier absorption i s not carefully 
included, diffe rent coeffic i ents can be obta ined us ing different pul sewidt h lasers. Indeed one might 

al so "observe" a pu l sewidth dependence of the nonlinear absorpt ion coeffi cient as has been reported, 



[13] and explained using the above arguement [14]. In order to verify that the deviation from simple 

two-photon absorption theory was due primarily to subsequent photogenerated carrier absorption we 

repeated the experiment using 150 psec . {FWHM) pulses. This data is shown in figure 7. Again the 

solid line is two-photon absorption only. The dotted line includes subsequent excess carrier absorp

tion where . again a2 = 35 cm/GW aod oex = 2 x 10-16 cm2. A comparison with figure 4 shows that for 
longer pulses more carriers are created and transmission decreases more rapidly. This is expected 

since for a given i rradiance the energy per pulse is larger. The theory includes these effects 

{dotted line) and again the fit is quite good. This data confirms the previous analysis and shows that 

near damage the excess carrier absorption dominates the non! i near absorption even for picosecond 
pulses. we estimate that the value of a2 is within 20% and oex is within 50%. 

We obtain similar results for the three-photon absorbers CdS and ZnSe. Data for CdS is shown in 

figure 8 for low I and figure 9 for high I. Data for ZnSe is shown in figure 10. Here for three

photon absorption the inverse of the square of the transm ission is plotted versus the square ·of the 

irradiance as indicated by eq. 7. The increased scatter for the ZnSe data is because three separate 

sets of data are shown. The apparatus was dissassembled and reassembled between two of the runs. To 

determine the three-photon absorption coefficient for CdS and ZnSe we used the technique previously 

discussed for determining two-photon absorption coefficients, namely fitting the low irradiance levels 

ignoring excess carriers and then including carrier absorption to account · for the high i rradi ance 

data. For both CdS and ZnSe, however, it was found that the irradiance range over which there was an 

observable transmission change and a neg ligible excess carrier contr.ibution to the absorption was 

extreme! y limited if not nonexistent. (See Fig. B) We therefore iterated the procedure using pro

gressively smaller three-photon absorption coefficients and larger free carrier cross sections to 

obtain a fit over the largest low frradiance range. No combination of these constants could fit the 

data at the highest irradiance. As wa~ observed with CdTe, the absorption is larger at high irra

diance level s than our simple model predicts except that in CdS and ZnSe the deviations are consider
ably greater. One possible explanation for the deviation is the onset of avalanche breakdown. 

Addi t ionalJy very weak second harmonic ~t 0. 53 llm was observed in both ZnSe and CdS [ 13]. The effi
ci ency was much less than a percent and doesn't account for the observed differences. The constants 

obtai ned are, for CdS, a3 = 0. 06 cm 3 /GW2 and oex = 1. 5 x 10-17 cm2• The estimated errors here are 

much 1 arger (within a factor of 2 for a3 and for oex) because the nonlinearity is higher order and the 

separation between the pure three-photon absorption and subsequent carrier absorption is not nearly as 

clean as for CdTe. For ZnSe we obtained a3 = 0.01 cm3/GW2 and oex = 1 x 10-17 cm2 . Here a3 and oex 

are known only within an order of magnitude. A pulsewidth dependent study of the nonlinear transmis

sion is in progress to verify this separation. 

In the case of CdS a similar transmission experiment on a 0.1 em thick CdS samp le using 7 psec 

pul ses from a mode-locked Nd:glass laser has previously been reported [16]. If the data of Ref. 17 is 

replotted as in our figure 9 and the irradiance is scaled down by a factor of ~ 2.8, that data nearly 

reproduces our data. The difference in samp le thicknesses and the shorter pul sewfdths used accounts 

for only part of the irradiance difference. That data was taken us ing a mode- locked Nd:glass la ser 

and it was not stated whether the laser was operating in a s ingle transverse mode. Glass lasers are 

notoriously difficult to operate TEMo,o when mode-locked. Spatial beam inhomogenesities could easily 

account for a factor of three difference in calculated intens ities. 

An example of the photoacoustic data i s shown in figure 11 for ZnSe . Figure 12 shows what i s 

expected for the photoacoustic data as calc ulated from the transmission data us ing eq. 8. The ver-



tical axis of figure 11 was scaled to match that of figure 12. There is a quite good one-to-one cor
respondence of the data as we reported earlier for two-photon absorption [5]. Data at l ow irradiances 

was very noisy both using PA spectroscopy and as ca l cu lat ed from transmission . The deviation at the 

very highest intensities is probably due to the onset of surface damage. A small pitting of the 

entrance surface was observed at an incident irradiance of 20 GW/cm2 (400 Gw2;cm4 in Fig. 11 and 12) . 
If the light were predominantly scattered , the absorption as measured by the transducer could be 

reduced more than the transmission. The photoacoustic (optoacoustic) technique, thus yields the same 

informat ion as the transmission experiment when calibrated . It's increased sensitivity when using 

lower irradiance and higher repetition rate laser systems should prove va l uable in the future for the 

measurement of nonlinear absorption. 

5. Conclusion 

The results for two-photon absorption in CdTe indi cate that great care must be taken in analyz i ng 

non 1 i near absorptIon data. Any direct absorption process in a semiconductor will be accompanied by 

another higher order absorption process; namely pho.togenerated carrier absorption. We presented a 

method to separate the contributIons of direct non 1 I near absorption from the subsequent multI photon 

ge nerated carrier absorption. Thi s method necessitates hav ing data over a wide range of irradiances • 

. Taking data using different laser pulsewidths confirmed the separation to be correct . This separation 

was shown to be more difficult for higher order nonlinearities by observing three-photon absorption in 

CdS and ZnSe. In addition, a significant deviation fran the simple theory presented at the highest 

irradiance levels was observed for these materials. A possib le explanation is the onset of avalanche 

breakdown. 

All the data indi cates that to unambiguously separate the contributions of direct nonlinear 

absorption fran subsequent excess carrier absorption one must use both· the shortest pos s ib le pulses 

and the lowest possible irradiance ~1ere a signa l can stil 1 be observed . The photoacoustic technique, 

used in .conjunction with higher repetiti.on rate short pulsed lasers, offers the best possibility of 

achieving both cr iteria. In part icu lar we are currentl y investigating the PA techniques for observing 

nonlinear absorption of visible li ght fran synchronous ly pumped mode-locked dye lasers which offer 

high repetition rate ultrashort pulses. 
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Figure Captions 

Figure 1. Experimental apparatus for monitoring the transmission and the photoacoustic signal in non
linearly absorbing samples. 

Figure 2 •. Inverse transmission of 40 psec {FWHM) 1.06 IJm pulses as a function of incident irradiance 
on CdTe. The x's are data and the solid line is a theoretical curve for two-photon absorp
tion with B2 = 35 cm/GW. 

Figure 3. Inverse transmission of 40 psec {FWHM) 1.06 IJm pulses as a function of incident irradiance 
on CdTe. The x's are data and the so lid line is a theoretical curve for two-photon absorp
tion with B2 = 35 cm/GW. The dashed line 

1
\,S a

2
theoretical fit inc luding the effects of 

excess carrier absorption with oex = 2 x 10- em • 

Figure 4. Inverse transmission of 40 psec {FWHM) 1.06 IJm pul ses as a function of incident irradiance 
on CdTe. The x's are data and the so lid line is a theoretical curve for two-photon absorp

. tion with B2 = 35 cm/GW. The dashed line 
1
\f a

2
theoretical fit including the effects of 

excess carrier absorption with oex = 2 x 10- em • 

Figure 5. This graph is a replot of figure 4 but with the vertical axis replaced by the transmission. 

Figure 6. This graph shows the same data as in figure 2. The solid line i s a fit' with 62 = 50 cm/GW 
where excess carriers are ignored. 

Figure 7. Inverse transmiss ion of - 150 psec { FWHM) 1. 06 IJm pulses as a function of incident i rra
diance on CdTe. The x's are the data and the so lid l ine is a theoretical curve for two
photon absorption with 62 = 35 cm/GW. The dashed lini; is t theoretical fit including the 
effects of excess carrier absorption with oex = 2 x lQ-. em • 

Figure 8. The inverse of the square of the transmission of 40 psec {FWHM) 1.06 IJm pulse as a function 
of the square of the irradiance on CdS. The x 's are data and the so1id ~ine is a theoreti
cal curve for a three-photon absorption coefficient of ~ = 0.06 em /GW • The dashed line 
is_f7 th}Pretical fit including the effects of excess carrier absorption with oex = 1.5 x 
10 em • · 

Figure 9. The inverse of the square of the transmission of 40 psec {FWHM) 1.06 IJm pulse as a function 
of the square of the irradiance on CdS. The x's are data and the so1id ~ine is a theoreti
cal curve for a three-photon absorption coeffic i ent of 63 = 0.06 em /GW . The dashed line 
is _fl the~retical fit including the effects of excess carrier absorption with oex = 1. 5 x 
10 em • 

Figure 10. The inverse of the sq~are of the transmission of 40 psec {FWHM) 1. 06 IJm pulses as a func
tion of the square of the irrad iance on ZnSe. 

Figure 11. The ratio of the photoacoustic signal in volts to the incident energy in Joules as a func
tion of the square of the incident irradiance of 40 psec {FWHM) 1.06 IJm pu l ses on· ZnSe. 

Figure 12. The vertical axis is what is expected for figure 11 as calculated from the transmission 
data shown in figure 10. See the discussion in the text. 
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