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In this paper, we describe experiments on the generation of higher harmonics in the 

low frequency regime (ωτ<<1, where ω is angular frequency and τ is the electronic 
relaxation time) and without application of an external electric field. Longitudinal bulk 
waves were excited along the hexagonal axis of undoped cadmium sulfide, a direction 
that was chosen because of its high piezoelectric activity.  
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Abstract. Piezoelectric semiconductors can exhibit harmonic generation because of
interactions between the acoustic and electric fields in the solid. To observe 
longitudinal waves were excited in crystalline cadmium sulfide. Because CdS 
photosensitive, its conductivity can be changed by several orders of magnitude by 
applied light level. The velocity and attenuation at 4.1 MHz and 8.2 MHz were measure
shown to be strong functions of conductivity in the range 0.001-0.010 Ω–1m–1. 
resulting data with linearized theory yielded values for the piezoelectric stress and ela
that were consistent with literature values. Also, harmonic generation resulting from
at 4.1 MHz was measured. The amplitudes of the second to fifth harmonics exhibited
behavior as a function of conductivity, particularly in the aforementioned ran
second harmonic amplitude w
conductivity of its peak amplitude was sho

 effect, Harmonic generatio
m sulfide 

INTRODUCTION 

When appropriately polarized acoustic waves propagate in specific dire
piezoelectric semiconductors, the modulated electric field induced by the wav
conduction electrons to bunch together. This acoustoelectric effect involves 
coupling of the electric field and charge density, which results in an internal d
field as well as higher electric and acoustic harmonics. Most of the theore
experimental work in nonlinear acoustics on this topic has been limited t
harmonic generation [1–3] or parametric interactions [4,5] or has included th
of an applied external electric field [1–6]. The latter can give rise to amplific
other effects, as has been described in several reviews [7–9] and tends to
exponential growth of certain modes over all others
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THEORY 

dinal bulk waves in a piezoelectric 
semiconductor in one dimension can be described b

 

It can be shown that the propagation of longitu
y [3]: 
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where z is distance, t is time, T is stress, ρm is mass density, cD=c(1+κ2), c is
modulus, κ2=e2/cε, e i

(2) 

 stiffness 
is electric 
uilibrium 

icient. In a quasilinear 
solution with fundamental T1(z=0)=T1

0exp(iωt–q1z , it 
was shown that the second harmonic of the acoustic stress has the form  

s piezoelectric modulus, ε is dielectric permittivity, D 
displacement, µ is mobility, q is magnitude of electric charge, n0 is eq
electron number density, εT=ε(1+κ2), and Dn is diffusion coeff
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where qj is wavenumber of the jth harmonic and F is given in [3]. Qualitat
amplitude of the second harm

(3) 

ively, the 
onic exhibits oscillations as a function of conductivity, 

and the nature of these oscillations evolves as a function of distance [2–5]. However, 
experimental data corrobor  limited [2,4] and higher harmonics do 
not appear to have been mea

ed in a 
ite faces. 

sing an 
Interlux DC1100 digitally-controlled light source with dc power to enhance its 
stability. A photometer was utilized to monitor and ensure consistent illumination. To 
generate, receive, and process the acoustic signal, a Ritec SNAP-1-30 system was 
employed along with a LeCroy LT342L Digital Oscilloscope. For the velocity and  
 

ating this result are
sured. 

EXPERIMENT 

Figure 1 shows the experimental apparatus. The CdS crystal was plac
temperature-controlled bath, and acoustic transducers were placed on oppos
The conductivity of the crystal was varied by changing the illumination u
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FIGURE 1.  Experimental apparatus. 

Source
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attenuation measurements, 8 cycle, 4.1 MHz and 8.2 MHz signals were gener
3.5 MHz and 7.5 MHz Xactex transducers, respectively, each operating in r
mode. For measurement of the harmonics, a transmission setup was used 
fundamental of 4.1 MHz generated with the 3.5 MHz Xactex transducer, th
harmonic detected with a 7.5 MHz Aerotech transducer, and higher h
detected with a 15 MHz Aerotech transducer. A 5 MHz low-pass filter assure
higher harmonics entered the crystal, while a 5 MHz high-pass filter eliminated th
fundamental frequency from entering the Ritec system. The amplitudes of th
harmonics were measured relative to the second harm

ated with 
eflection 
with the 
e second 
armonics 
d that no 

e 
e higher 

onic and were appropriately 
scaled with respect to the sensitivity of the 15 MHz transducer. 

nction of 
8.7 GPa, 
y used to 
onsistent 
constant 
lt of the 

ent, and 
ch were deemed 

ore accurate. The reasons for the significant underestimation of the attenuation at 
8.2 MHz are not entirely clear but may be at least partially attributed to the generation 
of higher harmonics, which is not accounted for in the linear theory of Ref. 10.  

 

RESULTS AND DISCUSSION 

Figure 2 shows the resulting velocity and attenuation measurements as a fu
conductivity, along with theoretical curves [10] fitted by setting c  = 8
e  = 0.515 C/m2, and the light penetration depth dp=140 µm, the latter quantit
compute the conductivity from resistance measurements. These values are c
with those reported by Hudson and White [10] and Bube [11]. In addition, a 
was added to the attenuation to account for attenuation that was not a resu
acoustoelectric effect. The velocity and attenuation are not independ
compromises were made in the fitting to favor the velocity data, whi
m
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FIGURE 2.  (a) Velocity and (b) attenuation of the fundamental frequencies 4.1 MHz and 8.2
function of crystal conductivity. 
 

Figure 3(a) shows amplitude of the second harmonic at 8.2 MHz as a fu

 MHz as a 

nction of 
conductivity. The successive curves show the first received pulse of the second 
harmonic as well as three consecutive echoes. As can be seen, the amplitude of the 
first pulse passes through a maximum around 0.009 Ω-1 m-1, but the maxima of 
subsequent echoes shifts to lower conductivities as the pulse travels further. Initial 
theoretical calculations which account for only the second harmonic [Eq. (3)] appear 
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e second 
onics as a 

009 Ω-1 m-1, 
hile the other harmonics have multiple minima in the range 0.005–0.009 Ω-1 m-1.  
 

to qualitatively correspond with these observations, Figure 3(b) shows th
(8.2 MHz), third (12.3 MHz), fourth (16.4 MHz), and fifth (20.5 MHz) harm
function of conductivity.  The second harmonic has a minimum near 0.
w
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FIGURE 3.  Relative amplitudes of (a) consecutive echoes of the second harmonic and (b) amplitudes 
of the second to fifth harmonics o tal. 

onal axis 
n to be consistent with known linearized theory. The 

amplitudes of the second through fifth harmonics of a 4.1 MHz fundamental have 
been measured and sh icted by quasilinear theory for the 
second harmonic component.  

This work was supported by the Industrial Research Chair in Applied Solid State 
Physics and Material Chara s funded by NSERC, DaimlerChrysler, 
and the University of Windsor. We would also like to acknowledge useful discussions 

CES 

ogo Universiteta Fizika 35, 46-53 (1980). 
1, 683-687 (1970).  

-3 (1969); Phys. Rev. B 4, 2535-58 (1971). 

7. J. H. McFee, “Transmission and Amplification of Acoustic Waves in Piezoelectric Semiconduc-
tors,” in Physical Acoustics 4A, edited by W. P. Mason, New York: Academic Press, 1966, pp. 1-45. 

8. V. L. Gurevich, Soviet Phys. Semicond. 2, 1299-1325 (1969). 
9. H. Kuzmany, Phys. Stat. Sol. A 25, 9-67 (1974). 
10. A. R. Hutson and D. L. White, J. Appl. Phys. 33, 40-47 (1962). 
11. R. H. Bube, Photoelectronic Properties of Semiconductors, New York: Cambridge U.P., 1992, p. 8. 

f a 4.1 MHz fundamen

CONCLUSION 

Measurements of the velocity of longitudinal bulk waves along the hexag
of CdS have been show

ow oscillations of the sort pred

ACKNOWLEDGMENTS 

cterization, which i

with V. G. Mozhaev. 

REFEREN

1. H. Kroger, Appl. Phys. Lett. 4, 190-192 (1964).  
2. B. Tell, Phys. Rev. 136, A772-A775 (1964). 
3. V. G. Mozhaev and I. Yu. Solodov, Vestnik Moskovsk
4. R. Mauro and W. C. Wang, Phys. Rev. B 
5. A. K. Ganguly and E. M. Conwell, Phys. Lett. 29A, 221
6. P. K. Tien, Phys. Rev. 171, 970-986 (1968). 

138

Downloaded 23 Sep 2006 to 129.22.126.171. Redistribution subject to AIP license or copyright, see http://proceedings.aip.org/proceedings/cpcr.jsp


	INTRODUCTION
	THEORY
	EXPERIMENT
	RESULTS AND DISCUSSION
	CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES

	copyright: 


