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Far-infrared re
ection and Raman scattering measurements have been carried out on reactive ion, etched p-ZnTe

samples. The averaged thickness of the surface damaged layer is found to be in the range of 1.0{1.5�m, and the,

etch-induced defect density is in the order of 1018cm�3. The Raman intensity ratio between the second-order Raman

peaks and the �rst-order longitudinal optical phonons reveals an increase trend with the radio frequency (rf) power.

With the aid of related theories, we discuss the e�ects of the rf plasma power and the concentration of CH4/H2 on the

damage, disorder, and the second-order Raman structures in p-ZnTe samples.
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1. Introduction

With the rapid progress in the micromation and

integration of the semiconductor optoelectronic de-

vice industry, advanced patterning technology is re-

quired to be developed. In comparison with the tra-

ditional wet, etching, the reactive ion, etching (RIE),

a dry, etching process which combines the selectivity

of chemical processes and the directionality of phys-

ical processes, has become an e�ective technique for

microfabrication and pattern transfer in semiconduc-

tor optoelectronics due to its easily controlled char-

acteristics and its ability to produce an anisotropic

microsized structure. RIE has been generally consid-

ered as the main developing direction of, etching. It

has been reported that the RIE technology could be

in
uenced by many factors, such as the concentration

and 
ux of, etching gases, the rf plasma power, the

material selectivity of the gases, the plasma pressure

and so on.[1] Since RIE is a mixed e�ect of physical

bombardment and chemical, etching, it is very inter-

esting to study the damage e�ects. Di�erent infor-

mation has been provided in the damaged layers pro-

duced under di�erent, etching conditions. Through

the study of the damaged layers, we can obtain quali-

tatively or quantitatively the e�ects of, etching condi-

tions on the novel properties in the, etched materials,

which provide the theoretical and experimental basis

for the material growth and device fabrication. In the

selection of, etching gases, the methane and hydrogen

(CH4/H2), which are relatively easy to handle, less

toxic and corrosive than chloride and bromide gases,

have been widely employed recently.[2;3]

The previous RIE studies mainly concentrate on

the GaAs crystals. To evaluate the damage of the

RIE technology on the crystal surface and lattice,

various techniques, such as x-ray photoelectron spec-

troscopy (XPS),[4;5] Schottky diode performance,[6]

photoconductivity measurement,[3;7] and photolumi-

nescence (PL),[8;9] have been employed. Zinc telluride

(ZnTe), a typical II-VI semiconductor with a cubic

zinc-blende structure, is an important optoelectronic

material[10�12] and has a wide applications in the

green laser diodes, optical waveguides, optical mod-

ulators, etc. In order to study the e�ects of dry, etch-

ing on the optical and electrical properties of ZnTe
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for high-quality ZnTe optoelectronic devices, the RIE

technology has been employed on this important semi-

conductor in recent years.[2;13]

Compared with XPS and other methods, far-

infrared (FIR) re
ection and Raman scattering are

not only as contactless and nondestructive, but also

as e�ective methods to study the lattice vibration,

lattice structure, and the in
uence on electronic

performance.[14�17] Wang et al
[16] and Roughani et

al
[17] have used the coupled longitudinal-optical (LO)

phonon-plasmon (LPP) mode to evaluate the damage

of RIE in n+-GaAs. Nevertheless, to the best of our

knowledge, there are no studies of FIR re
ection and

Raman scattering characteristics in RIE ZnTe so far.

In this paper, we report on the detailed investigation

of the FIR re
ection and Raman scattering spectra

in CH4/H2, etched ZnTe crystals. By �tting the FIR

re
ection spectra with a classical oscillator model, we

obtain the average thickness and defect density of the

surface damaged layer, together with the e�ects of rf

plasma powers and gas concentration on the, etch-

ing performance. The Raman scattering spectra have

been discussed to reveal the e�ects of, etching condi-

tions on the lattice disorder and the intensity of the

second-order Raman modes.

2. Experiments

The p-type ZnTe crystals studied with a carrier

concentration of 1016{3�1017cm�3 were prepared in a

Bridgman furnace heated to 1200ÆC. The ZnTe sam-

ples with a (100)-oriented surface were mechanically

polished with 0.05�m alundum. The samples were

degreased in organic solvents and then, etched in Br

methanol for 40s, followed by a methanol rinse. In

order to evaluate the quality of these ZnTe samples,

x-ray di�raction (XRD) measurements were carried

out on a Shimadzu XD-3A system with CuK� radi-

ation (�x=0.15405nm). Figure 1 shows the XRD re-

sults for the unetched (as-grown) ZnTe sample (No.1).

Two strong di�raction peaks appear at 2�=29.08Æ and

60.12Æ with a full-width at half-maximum of 0.23Æ

and 0.22Æ, respectively, indicating the high quality

of the ZnTe samples. According to the equation

2Ld sin � = n�x, we can obtain the lattice spacing

Ld when n=1, based on which we can conclude that

these two di�raction peaks correspond to the (200)

and (400) lattice planes of the cubic ZnTe. The dis-

appearance of the (100) di�raction peak is due to the

extinction e�ect of the surface.

Fig.1. XRD results of the unetched (as-grown) ZnTe

sample (No.1). The peaks at 29.08Æ and 60.12Æ with

a full width at half maximum of 0.23Æ and 0.22Æ cor-

respond to (200) and (400)-planes of the cubic ZnTe,

respectively.

Five similar ZnTe crystals have been, etched for

10min under di�erent rf plasma powers and CH4/H2

concentrations and marked as sample Nos.2{6. The

RIE experiments were carried out in a load-locked

SAMCO RIE-200L system with the plasma pressure

of 25Pa and the detailed, etching conditions are listed

in Table 1. The FIR re
ection measurements on these

RIE ZnTe crystals were performed at room tempera-

ture on a Nicolet Nexus 870 Fourier transform infrared

(FTIR) spectrometer with a DTGS polyethylene de-

tector, solid substrate beamsplitter for the range of

50{700cm�1 under the near-normal incidence geome-

try (less than 10Æ incidence angle). The Raman scat-

tering measurements were also performed on the Nico-

let Nexus 870 FTIR Raman accessory module with

a CaF2 beamsplitter and a liquid-nitrogen-cooled Ge

detector. The samples were excited by a 1064nm

(9398cm�1) laser line with a backscattering geome-

try. The resolutions of the FIR re
ection and Raman

measurements are 4.0 and 1.0cm�1, respectively.
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Table 1. Parameters of multiple oscillators for the �tting calculations of measured FIR re
ection

spectra in RIE ZnTe crystals, together with the dry, etching conditions. The as-grown parameters

have been adopted for the undamaged ZnTe crystals in the �ve, etched ZnTe crystals.

Sample No. CH4/sccm H2/sccm CH4 concen./% rf power/W d/�m !TO/cm
�1 S 
/cm�1

1 as-grown ZnTe crystal / 183 2.2 14

2 5 40 11.1 50 1.1 181 2.3 6

3 5 40 11.1 100 1.2 184 2.0 10

4 5 40 11.1 200 1.4 186 1.8 15

5 0 45 0 200 1.4 185 2.0 14

6 5 40 11.1 300 1.5 187 1.7 16

3. Results and discussion

3.1.FIR re
ection results

Assuming that the lattice vibration is the clas-

sical oscillator collection of transverse-optical (TO)

phonons with a resonant frequency of !TO, we can

calculate the theoretical FIR re
ection spectra with

a standard optical multi-layer technique, where the

surface damaged layer and the undamaged ZnTe crys-

tal can be considered as the thin �lm layer and the

substrate, respectively. Here we only consider the re-


ection from the vacuum-surface damage layer and the

surface damaged layer-substrate interfaces, and the re-


ection coeÆcient R can be obtained as[15]

R =

���� rvd + ards
1 + arvdrds

����
2

; (1)

where rvd is the re
ection coeÆcient from the vacuum

to the surface damaged layer, rds is the re
ection coef-

�cient from the surface damaged layer to the substrate

and a represents the phase di�erence and damping

amplitude between two consecutive re
ections in the

surface damaged layer. In the normal incident case,

rvd, rds and a can be expressed as

rvd =
1� nd
1 + nd

; rds =
nd � ns
nd + ns

; (2a)

a = exp

�
i
2!dnd

c

�
; (2b)

where d is the average thickness of the surface dam-

aged layer, ! is the FIR radiation frequency, c is the

velocity of light in vacuum and the complex indices

(nd for the surface damage layer and ns for the sub-

strate) are associated with the dielectric function by

nd;s =
p
"d;s: (2c)

The dielectric functions "i(!) are modelled using

a classical dielectric function for damped harmonic os-

cillators in combination with a Drude model:

"i(!) = "1 +
Si!

2
TO;i

!2TO;i � !2 � i!
i
� "1!2p;i
!2 + i!
p;i

; (3)

where !TO;i, Si and 
i are the frequency, oscillator

strength and damping parameter of the TO phonon

in the ith layer, respectively. i=d,s represent the sur-

face damaged layer and the substrate, respectively.

The �rst term "1 on the right-hand side of Eq.(3) is

the high-frequency dielectric constant of the material.

The second term is the lattice vibration contribution

of the TO phonon. The third term describes the con-

tribution of free carriers with plasma frequency !p and

damping constant 
p, which are given by

!2p =
4�ne2

"1m�
; (4a)


p =
e

m��
; (4b)

with n being the free carrier concentration, e the elec-

tron charge, m� the e�ective mass of carriers and � the

carrier mobility. As our p-type ZnTe has a carrier con-

centration of 1016{3�1017cm�3, the third term has a

much less contribution to "i(!) which can be neglected

compared with the �rst and second terms. Further

considering the energy loss on the surface with a loss

factor L, we have the re
ection coeÆcient as follows

R =

����rvd(1� L) +
(1� L)2(1� r2vd)ards
1 + ardsrvd(1� L)

����
2

: (5)

By the aid of Eqs.(2), (3) and (5), and using

"1=7.3,[18] m� = 0:6m0 (m0 is the electron mass),

we can �t the FIR re
ection spectra of all samples

by adjusting the values of !TO;i, Si, 
i and d. Us-

ing a single-layer model (nd = ns), we �rst �t the

FIR re
ection spectrum of the as-grown ZnTe sample

(No.1). These oscillator parameters were then incor-

porated as �xed parameters for the undamaged ZnTe

crystals in the �ve RIE ZnTe samples. Figure 2 shows

both the experimental (�lled squares) and theoretical
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(solid curves) results of the six ZnTe samples. They

agree well with each other. Table 1 lists the detailed

parameters of the multiple oscillators used for the �t-

ting of measured re
ection spectra of the �ve RIE

ZnTe samples. It can be seen from the table that

the oscillator strength S, the damping parameter 


and the thickness d change regularly with the, etching

conditions. The variation of !TO is within the mea-

surement resolution and the �tting uncertainty. By

analysing the four samples (Nos.2, 3, 4 and 6) etched

under di�erent rf plasma powers, we found that the

oscillator strength S decreases with increasing the rf

plasma power, which basically satis�es the Lyddane{

Sachs{Teller (LST) relation with !TO;i:

S = "0 � "1 � "1

��
!LO
!TO

�2

� 1

�
; (6)

where "0 is the static dielectric constant, and the LO

frequency !LO=205.6cm
�1 is obtained from the Ra-

man scattering results discussed in section 3.2. The

damping parameter 
 increases with the rf plasma

power, which represents the peak broadening in the

FIR re
ection spectra.

Fig.2. Experimental (�lled squares) and theoretical

(solid curves) FIR re
ection spectra of the as-grown

(No.1) and RIE ZnTe (Nos.2{6) crystals.

The most important result for us is the relation-

ship between the average thickness of the surface dam-

aged layer and the rf plasma power. From Table 1, the

average thickness of the surface damaged layer is in

the range of 1.1{1.5�m, which matches well with the

scanning electron microscopy (SEM) results of 1.0{

2.0�m. Furthermore, the average thickness of the sur-

face damaged layer d is found to increase with the rf

plasma power. As we know, RIE is a mixed e�ect

of the physical bombardment of ions and the chemical

reaction of active particles, in which the ion bombard-

ment is di�erent from the physical process of sputter-

ing, etching because it can enhance the chemical re-

action. There are two mechanisms by which defects

are induced in the surface damaged layers from dry

processing. One is via a physical or sputtering mech-

anism from direct ion bombardment at the surface. If

these defects had not di�used, they would only a�ect

surface properties. They are removed continuously by,

etching, except those at, etch-stop layers. The second

mechanism for defect creation in crystalline materials

is channelling, i.e. the propagation of ions along low-

index directions of the lattice. Ions impinge upon the

ample surface and most will be stopped rapidly by nu-

clear collisions. The dissipated energy will make the

surface region disorder and cause some shallow chan-

nels, which will be deepened by the later-scattered

ions. The defects induced owing to the two mecha-

nisms will di�use in the, etching process.[19;20] When

the rf plasma power is increased, the energy of the

electrons and incident ions is also increased, resulting

in a stronger physical bombardment to the surface. At

the same time, the intensity of active particles and ions

is also increased, which makes the reaction of plasma

more drastic. As a result, the defects induced by the

two mechanisms are increased, leading to increasing

the average thickness of the surface damaged layer.

Rahman et al
[19;20] have studied in detail the

above-mentioned two kinds of defects, especially the

generation and di�usion of the second kind of defects.

They have deduced the relationship between the de-

fect density nD and the depth y below the surface

nD(y) =
g0

0
e�y=� +

1

v

�
F � g0D

�
0

�
e�yv=D

(� > v2=4D;D � �v); (7a)


0 = (v=�)(1�D=�v); (7b)

nD(y) =
�g0
v

(1� e�v�=�)e�y=�

(D � �v; F = 0); (8)

where v is the, etching rate, � is the, etching time,

� is the characteristic length of the channelling, D is

the di�usion coeÆcient of the defects, F and g0e
�y=�

are the generation rates of the defects induced by

the �rst and second mechanisms, respectively. Equa-

tions (7) and (8) describes the relationship of nD

and y with and without considering the defect dif-

fusion, respectively, from which we can �nd that nD
decreases as an exponent function with increasing y.
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Take ZnTe sample No.2 as an example, by assum-

ing �=0.5�m, g0=10
17cm�3s�1, v=15nm/min (esti-

mated from Ref.[2]), �=10min and D = F = 0,

according to Eq.(8), we obtain the defect density

nD�5.744�1018cm�3 at y=1.1�m. Our result is much

larger than that of the RIE GaAs (1017cm�3) esti-

mated by Rahman et al,[19] revealing that the RIE

induced damage in ZnTe crystals is remarkable.

3.2.Raman scattering results

In order to reveal the e�ect of RIE processes on

the surface of ZnTe crystals, we �rst carried out polar-

ized Raman scattering measurements. It is expected

that the damaged surface of, etched crystals will break

the selection rules, which has been fully demonstrated

in our experiments. Figure 3 shows the polarized Ra-

man scattering spectra of the as-grown (No.1) and,

etched ZnTe crystals (Nos.3 and 4) under the con�gu-

rations of z(x; x)z (0Æ polarization) and z(x; y)z (90Æ

polarization). The �rst-order LO phonons can be ob-

served in all the three samples under the z(x; x)z con-

�guration. However, under the z(x; y)z con�guration,

the LO phonon scattering is forbidden and we can-

not observe it in the as-grown ZnTe crystal (No.1).

The observation of the LO phonons in, etched ZnTe

crystals (Nos.3 and 4), though they are much weak,

clearly reveals the relaxation of the selection rules.

The breaking of the selection rules can be attributed

to the surface roughness of the, etched crystals, which

clearly shows that the dry, etching has produced some

damage in the surface of ZnTe crystals.

Fig.3. Polarized Raman scattering spectra of the as-

grown (No.1) and, etched ZnTe (Nos.3 and 4) crystals

under z(x; x)z (0Æ polarization) and z(x; y)z (90Æ po-

larization) con�gurations.

Wang et al
[16] and Roughani et al

[17] have studied

the RIE damage in n+-GaAs using the Raman scat-

tering technique. They compared the intensity ratios

of the LPP mode to the LO phonon mode (ILPP/ILO)

for n+-GaAs before and after, etching, and concluded

that ILPP/ILO decreases with increasing the dry, etch-

ing damage. This is in agreement with the reported

result that the defects induced by RIE will decrease

the carrier density and mobility.[19] In our Raman

spectra of these RIE ZnTe crystals, the observed LO

phonon at !=205.6cm�1 is close to the reported one

of 208.3�0.5cm�1.[18] The TO phonons have also been

observed due to the disorder-induced selection rule re-

laxation by the, etching. However, we will not dis-

cuss them in detail since they are much weaker com-

pared with those of the second-order Raman scatter-

ing modes. The LPP mode was not observed due to

the low carrier density in these p-ZnTe crystals; nev-

ertheless, we can distinguish clearly the second-order

Raman scattering modes. Figure 4 shows the normal-

ized Raman scattering spectra of the �ve RIE ZnTe

crystals to the �rst-order LO phonon of the as-grown

ZnTe sample (No.1). The frequency variation of the

second-order Raman modes is within �2cm�1 in these

six ZnTe crystals. Table 2 lists the average frequencies

of these second-order Raman modes, together with

the reported frequencies, the calculated results from

the second-neighbour ionic (SNI) model,[18] and the

intensity ratios of the second-order Raman modes to

the LO phonon (ISO/ILO). These results further ver-

ify the high quality of our ZnTe crystals and reveal the

fact that RIE has little e�ect on the second-order Ra-

man mode frequencies in ZnTe. From the data of sam-

ple Nos.1{4 and No.6 shown in the table, we �nd that

the intensity ratio ISO/ILO of every mode increases

with the rf plasma power.

Fig.4. Raman scattering spectra of the as-grown

(No.1) and RIE ZnTe (Nos.2{6) crystals. The in-

tensity have been normalized to the �rst-order LO

phonons of the sample No.1.
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Table 2. Average frequency shifts and the intensity ratios of the second-order Raman modes to the

LO phonon ISO/ILO, together with the reported frequency shifts and the calculated results from the

second-neighbour ionic (SNI) model in Ref.[18].

Assignment Frequency shift/cm�1 (ISO/ILO)/%

Our results Reported data[18] Calculated from SNI No.1 No.2 No.3 No.4 No.5 No.6

2TA(X) 108.9 108 108 3.68 3.95 4.01 4.37 3.92 4.39

2W1 119.6 116 114 3.85 4.00 4.16 4.52 4.00 4.74

W1 +W2 149.3 156 160 3.59 3.85 4.03 4.17 3.84 4.47

TO(X)+TA(X) 227.5 228 227 5.05 5.22 5.61 5.85 5.32 6.52

LO(X)+TA(X) 241.5 240 236 5.89 6.31 6.89 7.16 6.50 7.83

2LA(L) 282.5 282 286 0.54 0.63 0.68 0.77 0.63 0.98

2W4;W3 +W4 290.8 290 292 0.66 0.59 0.72 0.66 0.54 1.06

2LA(L) 301.3 300 306 0.56 0.71 0.74 0.71 0.64 0.98

TO(X)+LA(X) 312.0 310 315 0.41 0.45 0.61 0.48 0.40 0.78

[LO(L)/TO(L)]+LA(L) 327.5 329 326 0.34 0.39 0.40 0.35 0.46 0.76

2TO(X), 2TO(L) 345.1 340 342 0.70 0.82 0.99 0.88 0.76

LO(X)+TO(X) 351.8 349 355 0.85 0.85 0.93 0.92 0.93 1.41

2TO(� ) 357.7 358 356 0.80 0.85 0.86 0.91 0.77 1.25

2LO(X) 364.4 364 364 0.75 0.77 0.84 0.81 0.85 1.19

2LO(� ) 409.5 412 416 0.52 0.31 0.60 1.26 0.61 1.12

LO 205.6 208.3�0.5

The second-order Raman scattering processes dis-

cussed here are mainly the two-phonon processes.

This kind of two-phonon processes, depending on the

energy of the two phonons, can be either the creation

of two phonons with a Stokes component in the scat-

tering spectra, or the creation of one phonon and the

annihilation of the other. The probability of observing

the second-order Raman modes in unetched samples

can be described as[21]

P� / 1 +
1

exp(h�1=kT )� 1
+

1

exp(h�2=kT )� 1

(creation of two phonons); (9)

P� /
1

exp(h�2=kT )� 1
� 1

exp(h�1=kT )� 1

(creation of one phonon and

annihilation of the other); (10)

with �1 > �2 being the phonon frequencies, h the

Planck constant, k the Boltzmann constant and T the

temperature. From Eqs.(9) and (10), the intensities of

the corresponding second-order Raman modes in these

six ZnTe samples should be the same if they were all

unetched. From the above FIR re
ection results for

the, etched ZnTe crystals (Nos.2{6), we understand

that more defects and damage have been introduced

into the crystals with increasing the rf plasma power,

resulting in increasing the disorder in the crystals. It

has been reported in Ref.[22] that ISO/ILO increases

with x in MgxZn1�xTe crystals, due to the enhance-

ment of the structural disorder in them. Although the

induced disorder by RIE comes with a di�erent mech-

anism from the MgxZn1�xTe crystals, we can demon-

strate experimentally that the defect-induced disor-

der will also give an increase of ISO/ILO. Figure 5

shows the relationship between the ISO/ILO and the

rf plasma power P for several strong second-order Ra-

man modes, displaying the linear relationship between

the ISO/ILO and the rf plasma power (the points of

P=0 represent the data of the as-grown ZnTe crys-

tal). Combining with the FIR re
ection results, we

can have the following conclusion: with increasing rf

plasma power, more defects and damage will be intro-

duced in the crystals, and the thickness of the surface

damaged layer will be increased and the disorder in

the crystals will be enhanced; as a result, the inten-

sity ratios of the second-order Raman modes to the

�rst-order LO phonon will be increased accordingly,

which have a linear relationship with the rf plasma

power.

Finally, we analyse the e�ect of di�erent CH4/H2

concentrations on the, etching through samples No.4

(5CH4/40H2) and No.5 (0CH4/45H2). The reported

PL[23] and atomic force microscopy (AFM)[2] results

have demonstrated that it is the physical ion bom-

bardment, when the samples are, etched purely by H2,

that produces a strong damage in the crystal surface.

With increasing CH4 concentration, the chemical
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Fig.5. Relationship between ISO/ILO (the intensity

ratio of the second-order Raman modes to the LO

phonon) and the rf plasma power P . P=0 represents

the as-grown ZnTe crystal (No.1).

reaction is enhanced while the physical ion bombard-

ment is weakened, leading to the weak damage in the

surface. The strong surface damage in sample No.5 re-

sults in the small value of ISO/ILO as compared with

that in sample No.4. Nevertheless, the defect density

in these two ZnTe crystals (Nos.4 and 5) is on the

same order; therefore, there is not much di�erence in

their FIR re
ection spectra shown in Fig.2.

4. Conclusions

By studying the FIR re
ection spectra of dry,

etching p-ZnTe crystals under di�erent conditions,

we have obtained the average thickness of the sur-

face damaged layer being in the range of 1.0{1.5�m,

and the estimated defect intensity in the order of

1018cm�3. The results demonstrate that the defects

induced by the electrons and incident ions increase

with the rf plasma power. The polarized Raman scat-

tering measurements have revealed the RIE-induced

surface damage in ZnTe crystals. The relationship be-

tween the intensity ratio ISO/ILO and the rf plasma

power has been obtained from the Raman scattering

results for di�erent RIE ZnTe samples. Our conclu-

sions can be stated as: more defects and damage will

be introduced in the crystals with increasing rf plasma

powers, the thickness of the surface damaged layer will

be increased and the disorder in the crystals will be

enhanced accordingly, resulting in a linear relationship

between the rf plasma power and the intensity ratio

ISO/ILO.

|||||||||||||||||||||||||||
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