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ABSTRACT 

The effects of the additive noble gases He, Ar and Xe on chlorine-based Inductively 

Coupled Plasma etching of InP, InSb, InGaP and InGaAs were studied as a function of 

source power, chuck power and discharge composition. The etch rates of all materials 

with C12/He and C12/Xe are greater than with C12/Ar. Etch rates in excess of 4.8 pmlmin 

for InP and InSb with C12/He or C12/Xe, 0.9 pmlmin for InGaP with C12/Xe, and 3.8 

p d m i n  for InGaAs with C12/Xe were obtained at 750 W ICP power, 250 W rf power, - 
15 % Cl2 and 5 mTorr. All three plasma chemistries produced smooth morphologies for 

the etched InGaP surfaces, while the etched surface of InP showed rough morphology 

under all conditions. 
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1 



DISC LA1 M ER 

This report was prepared as an account of work sponsored 
by an agency of the United States Government. Neither the 
United States Government nor any agency thereof, nor any 
of their employees, make any warranty, express or implied, 
or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that 
i ts use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United 
States Government or any agency thereof. The views and 
opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or 
any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



INTRODUCTION 

For dry etching of 111-V compounds there are two basic chemistries: C4 or IC1 

and CH&12.(1-6) As we described in part I of this paper, --. C12-based plasmas produce fast 
^W-- 

smooth etching of GaAs, GaSb and AlGaAs at room tem~erature.'~) However, these 

chlorine-based gas mixtures are generally less applicable for etching In-based 

semiconductors because of the low volatility of InCl, compared to GaCl, (boiling 

temperatures of InC13 and GaC13 at atmosphere are 600 and 201 "C, respectively(*)). 

Much faster etching of InP and related materials can be obtained at elevated temperatures 

(greater than 100 "C), which is impractical in most sequences of device processing. The 

C'H4/H2 or C 2 H a 2  chemistries produce smooth etching at low rates of the In-based 

compounds, but there exist two problems: 1) polymer deposition on the sample at high 

CH4 concentration, leading to micromasking and rough surfaces, and 2 )  hydrogen 

(9-12) passivation which may cause degradation of device performance. 

In order to resolve these limitations, there is a strong interest in developing a 

high-density plasma etch technique for InP and related materials. Most of previous results 

were obtained with Cl2, BCl3 and IC1 chemistries using Electron Cyclotron Resonance 

(ECR) s o u r ~ e s . ( ~ ~ ' ~ ~ ' ~ )  They reported practical etch rates with relatively high surface 

quality. However, little work has been reported on using Inductively Coupled Plasmas 

(ICP), especially in terms of effect of additive neutral gases in C12 mixtures. In the 

previous paper we examined ICP etching of GaAs and related materials with C12/He, 

C12/Ar and Clz/Xe.") 



In this paper, the influence of noble gas additives (He, Ar and Xe) in chlorine- 

based ICP etching of WP, InSb, InGaP and InGaAs were studied for various plasma 

parameters. The experimental parameters varied were plasma composition, rf chuck 

power and ICP source power. Their effects on etch rates, etch yields, dc biases and ion 

fluxes were monitored, and morphologies and surface chemistries of the etched samples 

were also examined. The main focus in this work is whether Clz-based plasmas with 

various noble gases under ICP conditions can provide practical etch rates of InP, InSb, 

InGaP and InGaAs at room temperature. 

EXPERIMENTAL 

The samples used for etching in this work were: Fe-doped InP and nominally 

undoped InSb wafers taken from Czochralski-grown crystals; epitaxial layers of 

Ino.sGao.5P and Ino.53Gao.4;rAs grown on GaAs and InP wafers, respectively, by Metal 

Organic Molecular Beam Epitaxy  MOMB BE)."^' All samples were masked with Apieon 

wax, and etching and subsequent characterizations were carried out as described in the 

previous paper. (7) 

RESULTS AND DISCUSSION 

Figure 1 shows the effect of plasma composition on etch rates at 5 mTorr, 750 W 

source and 250 W rf chuck powers. C12/He (top) and C12/Xe (bottom) chemistries showed 

a similar trend: maximum etch rates at -15 % C12. In the C12/Ar plasma (middle), InGaAs 



showed maximum etch rate at - 15 % Cl2, InP and InSb at - 67 % Cl2, while InGaP 

showed almost constant etch rates over the whole range of composition. Figure 2 shows 

the effect of C12 content on etch yields of InP (top) and dc-bias voltages and ion fluxes 

(bottom) for different additive gases. The dc biases increased somewhat up to 33 % C12, 

and remained relatively constant at higher C12 contents, while the ion fluxes were 

reasonably constant at this high source power (750 W) where ionization efficiency is 

high. 

Figure 3 shows the effect of ICP source power on etch rates of InP, InSb, InGaP 

and InGaAs etched with C12/He, Cl2lA.r and C12/Xe chemistries at fixed composition. 

During these experiments the rf chuck power and pressure were held constant at 250 W 

and 5 mTorr, respectively. The etch rates of all materials showed different trends 

depending on the additive gas species. InP, InSb and InGaAs showed maxima values at 

750 W with C12/He, while the InGaP etch rate continued to increase with increasing 

source power (top). In the C12/Ar plasmas (middle), the etch rates of InP and InGaAs 

reached maximum etch rates at 500 W and 750 W, respectively and that of InSb 

decreased with the ICP power, while the InGaP etch rate was relatively constant over the 

whole range of source power. By contrast, in C12/Xe discharges (bottom) all materials 

showed increased etch rates with increasing ICP power. It is also interesting to see that 

the etch rates of all materials with C12/He and C12/Xe are greater than with C12/Ar (for 

example, etch rates of InP at 750 W are 4.7, 2.1 and 4.8 pdmin,  respectively, with 

C12/He, C12IAr and C12/Xe). The etch rates obtained at 750 W ICP power, 250 W rf 

power, 15 % Cl2 and 5 mTorr were: 4.8 pdrnin for InP and InSb with C12/He or C12/Xe, 

0.9 p d m i n  for InGaP with C12/Xe, and 3.8 pdmin for InGaAs with C12/Xe. The high 
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etch rates of all the materials show the efficient nature of the etch process, in which InC1, 

species are removed by ion assistance before a selvedge layer of etch products can form 

and block the surface. 
8 

Figure 4 shows the effect of the source power on etch yield (top) and dc-bias 

voltage and ion flux at the sheath (bottom) for the case of etching InP at 250 W rf power 

and 5 mTorr with different chemistries. Etch yields increased up to 500 W with C12/Ar 

and 750 W with C12Ke and C12/Xe, respectively, and then decreased as the source power 

increased. However, the etch yield obtained with C12/Xe at > 750 W was relatively 

constant, indicating that the increase in Id? etch rate at > 750 W, shown in the bottom of 

Fig. 3, is mainly due to the increased ion flux at higher source power enhancing the ion- 

assisted InC1, removal mechanism. The ion fluxes at the sheath edge increased 

monotonically with the ICP power, but the dc bias voltage decreased up to 750 W and 

remained almost constant thereafter (bottom). It is worthwhile to note that the ion fluxes 

with C12EIe and C12/Xe chemistries are greater than with C12/Ar, explaining partly why 

the etch rate with these chemistries are higher than that with C12/Ar. 

Figure 5 shows the effect of rf chuck power on the etch rates, obtained with Clz (2 

sccm )/additive gas (13 sccm) plasmas at 750 W ICP power and 5 mTorr. In the C12/He 

plasma (top) all materials showed maximum etch rates at 250 W. The etch rates of InSb 

and InGaP with C12/Ar discharges (middle) increased up to 150 W and remained 

relatively constant thereafter, while and those of InP and InGaAs decreased at > 250 W. 

By contrast, for the case of C12/Xe chemistry (bottom), the etch rates of InP and InGaAs 

increased up to 250 W and decreased thereafter, while that of InGaP monotonically 

increased with chuck power. InSb showed a somewhat decreased etch rate at 1000 W. 
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The effect of the chuck power on etch yield, dc-bias voltage and ion flux is shown in Fig. 

6, which shows the calculated results for etching W with all chemistries at 750 W ICP 

power and 5 mTorr. It is seen that sputter etching enhanced by increased ion energy is 

significant up to 150 W with Clz/Ar and 250 W with C12/He and C12/Xe and its influence 

decreased thereafter (Fig. 6, top). The decrease in etch yield or etch rate at higher rf 

chuck power is mainly due to the desorption of adspecies of reactive C1 ions or atoms 

from the substrate surface due to increased ion energy. The dc bias increased 

monotonically with increasing rf chuck power, but the ion flux at the sheath edge 

increased slightly (bottom). The ion fluxes with He and Xe additives are greater than with 

Ar, which is believed because of lower ionization energies of He and Xe than Ar [Xe 

(12.13 eV), He (13.6 eV), Ar (15.76 eV)].@) As shown in the bottom of Fig. 6, the 

contribution of the capacitively coupled rf power to the ion flux was less important 

compared to the inductively coupled ICP source power. 

Morphologies of the etched surfaces were examined with AFM and the results for 

InGaF' and InP are shown in Figs. 7 and 8, respectively. The samples were etched at 750 

W ICP power, 250 W rf chuck power and 5 mTorr with C12/He (top), C12/Ar (middle) and 

C12/Xe (bottom) chemistries, respectively. All morphologies of InGaP showed very 

smooth surfaces (rms roughness 1.7 - 2.4 nm), which are fairly similar to unetched 

controls (rms 0.7 - 1.1 nm). However, the etched surface of InP showed quite rough 

morphology with all chemistries (rms roughness > 10 nm under all conditions). These 

results indicate that Cl;?/noble additive gases are not suitable for mesa etching 

applications due to rough surfaces, but are promising for through-wafer via etching. 

6 



These InP surfaces are non-stoichiometric @-rich), and a C12ICHdA.r chemistry might 

need to be investigated for achievement of equi-rate In and P removal. 

SUMMARY AND DISCUSSION 

Inductively Coupled Plasma etching of InP, InSb, InGaP and InGaAs with C12/He 

C12IAr and C12/Xe was examined as a function of source and chuck powers, and 

discharge composition. The influence of the additive gases was somewhat different for 

the various In-based semiconductors. The etch rates of all materials with C12/He and 

C12/Xe were greater than with C12/Ar. The ion fluxes with He and Xe additives are greater 

than with Ar, which is partly because of lower ionization energies of He and Xe than Ar. 

C12/He and C12/Xe chemistries showed a similar trend, having maximum etch rates for 

most of the materials at - 15 YO C4. In the C12/Ar chemistry, InGaAs showed maximum 

etch rate at - 15 % C12, InP and InSb at - 67 % Cl2, while InGaP showed almost constant 

etch rates independent of plasma composition. All chemistries showed quite smooth 

morphologies of the etched InGaP surfaces, while the etched surface of InP showed 

rough morphology with all chemistries. Since Xe is a relatively expensive gas, the use of 

C12/He appears the most attractive choice in terms of fast etch rates for the In-based 

semiconductors. 
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Figure Captions 

Figure 1. Effect of chlorine content on etch rates of InP, InSb, InGaP and InGaAs with 

C12/He (top), C12/Ar (middle) and C12Ke (bottom) plasma chemistries (750 W ICP 

power, 250 W rf power, 5 mTorr). 

Figure 2. Effect of chlorine content on etch yields of InP (top), and dc-bias voltage and 

ion flux at the sheath edge (bottom) with C12/He, C12/Ar and C12/Xe plasma chemistries. 

Figure 3. Effect of ICP source power on etch rates of InP, InSb, InGaP and InGaAs with 

C12/He (top), C12/Ar (middle) and C12Ke (bottom) plasma chemistries (250 W rf power, 5 

mTorr, 2 sccm c12/13 sccm additives). 

Figure 4. Effect of ICP source power on etch yields of InP (top), and dc-bias voltage and 

ion flux at the sheath edge (bottom) with C12/He, C12/Ar and C12/Xe plasma chemistries. 

Figure 5. Effect of rf chuck power on etch rates of Inp, InSb, InGaP and InGaAs with 

C12/He (top), C12/Ar (middle) and C12/Xe (bottom) plasma chemistries (750 W ICP 

power, 5 mTorr, 2 sccm C12/13 sccm additives). 

Figure 6. Effect of rf chuck power on etch yields of InP (top), and dc-bias voltage and ion 

flux at the sheath edge (bottom) with C12/He, C12IAr and C12Ke plasma chemistries. 
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Figure 7. AFM scans of InGaP surfaces etched in C12/Ar (top), C12/He (middle) and 

C12/Xe (bottom) plasmas (750 W ICP power, 250 W rf power, 5 mTorr). 

Figure 8. AFM scans of InP surfaces etched in C12/Ar (top), C&He (middle) and C12Re 

(bottom) plasmas (750 W ICP power, 250 W rf power, 5 mTorr). 
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