
Triple‐crystal x‐ray diffraction analysis of reactive ion etched gallium arsenide
V. S. Wang, R. J. Matyi, and K. J. Nordheden 
 
Citation: Journal of Applied Physics 75, 3835 (1994); doi: 10.1063/1.356062 
View online: http://dx.doi.org/10.1063/1.356062 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/75/8?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Time‐Resolved X‐Ray Triple‐Crystal Diffractometry Probing Dynamic Strain in Semiconductors 
AIP Conf. Proc. 879, 1258 (2007); 10.1063/1.2436293 
 
X-ray crystal truncation rod scattering analysis of reactive ion etched silicon 
J. Appl. Phys. 84, 5482 (1998); 10.1063/1.368311 
 
High‐resolution triple‐crystal x‐ray‐diffraction experiments performed at the Australian National Beamline
Facility in Japan (abstract) 
Rev. Sci. Instrum. 66, 1483 (1995); 10.1063/1.1145947 
 
Triple crystal x‐ray diffraction analysis of chemical‐mechanical polished gallium arsenide 
J. Appl. Phys. 72, 5158 (1992); 10.1063/1.351995 
 
High resolution x‐ray diffraction analysis of annealed low‐temperature gallium arsenide 
Appl. Phys. Lett. 60, 2642 (1992); 10.1063/1.106881 
 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

129.237.46.99 On: Mon, 16 Nov 2015 16:33:54

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1765719734/x01/AIP-PT/JAP_ArticleDL_1115/AIP-2639_EIC_APL_Photonics_1640x440r2.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=V.+S.+Wang&option1=author
http://scitation.aip.org/search?value1=R.+J.+Matyi&option1=author
http://scitation.aip.org/search?value1=K.+J.+Nordheden&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.356062
http://scitation.aip.org/content/aip/journal/jap/75/8?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.2436293?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/84/10/10.1063/1.368311?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/66/2/10.1063/1.1145947?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/66/2/10.1063/1.1145947?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/72/11/10.1063/1.351995?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/60/21/10.1063/1.106881?ver=pdfcov


Triple-crystal x-ray diffraction analysis of reactive ion etched 
gallium arsenide 

V. S. Wang 
Materials Science Program, University of Wisconsin, Madison, Wisconsin 53 706 

R. J. Matyi 
Department of Materials Science and Engineering, University of Wisconsin, Madison, Wisconsin 53706 

K. J. Nordheden 
Martin Marietta Electronics Laboratory (formerly GE Electronics Laboratory), Syracuse, 
New York 13221 

(Received 12 October 1992; accepted for publication 19 October 1993) 

The effect of BCl, reactive ion etching on the structural perfection of GaAs has been studied 
with diffuse x-ray scattering measurements conducted by high-resolution triple-crystal x-ray 
diffraction. While using a symmetric 004 diffraction geometry revealed no discernible differences 
between etched and unetched samples, using the more surface-sensitive and highly asymmetric 
113 reflection revealed that the reactive ion etched samples etched displayed less diffusely 
scattered intensity than unetched samples, indicating a higher level of structural perfection. 
Increasing the reaction ion etch bias voltage was found to result in decreased diffuse scattering 
initially, until an apparent threshold voltage was reached, after which no further structural 
improvement was observed. Furthermore, we have shown that this reduction in process-induced 
surface structural damage is not due merely to the removal of residual chemical-mechanical 
polishing damage. 

I. INTRODUCTION 

Throughout the fabrication of advanced microelec- 
tronic devices and integrated circuits (ICs) on semicon- 
ductor materials, semiconductor substrates are subjected to 
numerous processes which may induce structural damage 
to surface and near-surface regions. Semiconductor wafer 
fabrication, wet chemical etching, plasma etching, metalli- 
zation, and wafer cleaning are all common processes which 
may potentially alter the crystalline perfection of the sub- 
strate. Since the performance of these devices and circuits 
depends heavily upon the perfection of the substrate ma- 
terials, such process-induced structural damage may create 
significant and adverse effects. 

Reactive ion etching (RIE) has been increasingly used 
as a materials processing technique in compound semicon- 
ductor device and IC fabrication. The primary qualities 
that make RIE desirable for semiconductor processing in- 
clude the ability to etch substrates anisotropically with the 
high dimensional resolution, etch uniformity, and material 
selectivity to produce the submicron-sized features re- 
quired for state-of-the-art devices and ICs -with ever- 
increasing performance and density specifications. RIE 
combines chemical processes due to the reaction between 
an etchant species and the substrate material, with me- 
chanical processes due to the bombardment of the sub- 
strate surface by accelerated ions, photons, and electrons. 
It is the mechanical processes in RIE that contribute the 
most to surface and subsurface structural damage. RIE- 
induced radiation damage to GaAs surfaces has been found 
to cause reduced Schottky barrier heights and to decrease 
surface carrier concentrations.“’ 

While many investigations of process-induced surface 
damage in GaAs have made use of electrical measurements 

which are quite sensitive to surface crystallographic imper- 
fections, a structural probe is necessary to determine the 
mechanisms through which various processing techniques 
induce damage, and to correlate changes in electrical char- 
acteristics to specific structural defects. There is an intrin- 
sic problem in characterizing the structural defects follow- 
ing a process such as RIE, however, since fabrication 
techniques are specifically designed to introduce as little 
damage into the semiconductor surface as possible. Thus, 
the analysis of defects generated by a nominally “damage- 
free” process would be expected to be somewhat difficult, 
even though such defects may significantly affect circuit 
performance. 

X-ray diffraction has long been utilized to characterize 
structural defect in crystalline materials. Traditional x-ray 
diffraction techniques such as conventional double-crystal 
diffraction are primarily bulk materials characterization 
tools. Attempts to use these conventional methods to ana- 
lyze thin surface layers often prove to be ineffective since 
the diffracted intensities from these layers can be negligible 
compared to the intense scattering generated by the bulk 
crystal. The total diffracted intensity measured in any x-ray 
diffraction experiment consists of two components: the dy- 
namic, or perfect crystal contribution, and the kinematic, 
or imperfect crystal contribution, where crystal imperfec- 
tion is caused by point defects and dislocations. In conven- 
tional double-crystal x-ray diffraction (DCD) with a par- 
allel, nondispersive configuration ( +n, -n), these two 
components are convoluted, masking quantitative informa- 
tion that can be determined from either individual compo- 
nent alone. However, among several novel x-ray diffraction 
techniques that have been devised recently is that of triple- 
crystal diffraction (TCD) . In TCD, with a ( + n, -n, + n) 
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Dynamical diffraction 

FIG. 1. Schematic illustration of the intensity distribution in reciprocal 
space as observed in a triple-crystal diffraction experiment. 

configuration, a third crystal (the analyzer crystal) is in- 
serted between the sample and the detector. By varying the 
angular positions of the sample and analyzer crystals’ at 
and near their exact Bragg conditions, it is possible to map 
the total diffracted intensity around a reciprocal lattice 
point, thus providing a means of direct and separate mea- 
surement of the dynamic and the kinematic diffraction 
components.3’4 Using TCD, the diffracted intensity distri- 
bution in reciprocal space can be represented schematically 
by the diagram in Fig. 1. This characteristic pattern in- 
cludes three streaks due to dynamical diffraction. The main 
“surface streak,” or crystal truncation rod, is the result of 
strong scattering by the’ sample crystal and the termination 
of the crystal lattice at the sample surface.5 The two addi- 
tional “pseudo streaks” are due to similar singular reflec- 
tions off the monochromator and the analyzer crystals. 
These pseudo streaks can be effectively eliminated by the 
use of multireflection grooved crystals, which produce es- 
sentially tailless beams.6 Finally, any diffuse scattering 
present is centered around the reciprocal lattice point. 
Hence, the primary advantage of using TCD is the ability 
to directly analyze the kinematic diffuse x-ray scattering in 
the immediate vicinity of a reciprocal lattice point, inde- 
pendent of the dynamically scattered background. 

Diffuse x-ray scattering is ideally suited for the inves- 
tigation of structural defects in crystals, since the very rea- 
son diffuse scattering exists is due to the presence of these 
defects. In a “perfect” crystal, where all atoms are located 
precisely at their theoretical positions for a given lattice 
type, x rays are scattered only under a few discrete condi- 
tions, i.e., only at the exact Bragg reflections, and the 
atomic scattering amplitudes between these Bragg reflec- 
tions are completely suppressed by destructive interfer- 
ence. In more realistic crystalline materials, defects such as 

vacancies, interstitials, point defect agglomerations, and 
dislocations are always present which distort the lattice 
planes from their ideal positions. Consequently, the scat- 
tered intensities at the exact Bragg conditions decrease, 
and the scattering amplitudes between Bragg peaks do not 
completely cancel out to zero. A d@iiseZy scattered inten- 
sity is present which arises from two factors: scattering 
from the defects themselves, and scattering from the dis- 
placement disorder of the nonideal, distorted lattice.7 

While the first theoretical calculations of diffuse scat- 
tering from crystals were conducted by Eckstein’ and 
Huang’ in the 194Os, only in more recent years as more 
high-powered x-ray sources and greater resolution experi- 
mental techniques and equipment have been developed has 
diffuse x-ray scattering been employed experimentally to 
study defects in crystal structures. Becker er aLi0 and Al- 
exandropoulos and Kotsis” have measured changes in dif- 
fracted intensities due to mechanical polishing of Ge and 
Si, respectively, while Yasuami and Harada” and Kashi- 
wagura et al. I3 have observed diffuse scattering in Si due to 
residual chemical-mechanical (CM) polishing. Several 
groups have also investigated the effects of ion implanta- 
tion in Si’“” and GaAsi6 on the diffracted x-ray intensi- 
ties. Recent high-resolution x-ray diffraction work involv- 
ing defects in group III-V semiconductors include studies 
of bulk defects in InP by Gartstein17 and near-surface de- 
fects in molecular beam epitaxy (MBE) grown GaAs by 
Bloch and co-workers.” We have previously reported on 
several high-resolution x-ray diffraction investigations re- 
garding CM polish-induced damage to GaAs, including 
surface strain determination via precise lattice parameter 
measurements using grazing incidence diffraction (GIXD) 
and inclined Bragg plane diffraction ( IBXD ) , l9 TCD mea- 
surements with the surface-sensitive IBXD geometry,20 
and diffuse scattering measurements using TCD.21 Our 
studies on CM polishing of GaAs revealed the effects of 
individual CM polishing parameters on near-surface struc- 
tural perfection as well as those of multiparameter interac- 
tions, leading to a better understanding of the underlying 
microscopic mechanisms of the CM polishing process. This 
body of prior work involving diffuse scattering measure- 
ments on semiconductor materials suggests that TCD is an 
ideal technique for monitoring the evolution of crystallo- 
graphic damage in GaAs due to RIE processes. 

II. EXPERIMENTAL 

The GaAs samples used in this study were obtained 
from wafers CM polished by the vendor, and were nomi- 
nally oriented 2” off (001) about the (110) axis. Immedi- 
ately prior to loading into the RIE system, the GaAs sam- 
ples were solvent cleaned, and dipped in 1: 10 
HCl:deionized HZ0 for oxide removal. All plasma etching 
was conducted in a PlasmaTherm 2482 RIE system 
equipped with a 22 in. diameter electrode. The reactive 
etch species was introduced by BCl, gas at a flow rate of 14 
seem, and He gas was added to the etch chamber at 6 
seem. The resultant chamber pressure was 3.2 mTorr, and 
the bias voltage on the electrode and the total etch times 
were varied. 
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The x-ray diffraction analyses were conducted using a 
Bede 150 double-crystal diffractometer which was modified 
for the TCD geometry.22 Two grooved Si crystals, aligned 
for four (220) reflections in a (-, + , +, - ) configuration, 
were used to monochromate the incident x-ray beam, and 
the cross-sectional area of the incident x-ray beam was -2 
mm2. A triple-bounce (220) grooved Si crystal was-used to 
analyze the total diffracted intensity from the sample 
Crystal.3~4~22 As previously noted, the use of these multiple- 
bounce crystals provides tailless beams, resulting in diffrac- 
tion patterns that are free of dynamic scattering effects 
from the monochromator and analyzer crystals: Due to the 
slight misorientation of the GaAs substrates, it was neces- 
sary to mount the samples in such a manner that the sub- 
strate misorientation direction was contained within the 
plane of the diffractometer in order to maintain a consis- 
tent x-ray optical configuration. A Rigaku RU200 rotating 
anode generator provided Cu Ka, radiation. The x-ray 
generator power used for the TCD scans was 50 kV and 
200 mA. 
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FIG. 2. 004 triple-crystal scans from (a) GaAs sample 4A (no RIE) and 
(b) sample 4B (RIE, -250 V bias voltage). Identical ranges of q, and q,, 
are used in all sizans. 

In order to measure the total diffracted intensity 
around a reciprocal lattice point using TCD, scans were 
conducted by rocking the sample crystal while keeping the 
analyzer crystal in a fixed position, incrementing the ana- 
lyzer crystal position, then scanning the sample crystal 
again with the analyzer fixed. The incremental step sizes 
used for the sample and the analyzer crystals were 6 and 12 
arcsec, respectively. This procedure was followed until the 
diffracted intensities in a trapezoidal region surrounding 
the reciprocal lattice point was mapped out in reciprocal 
space. Real space diffractometer coordinates were con- 
verted to the reciprocal space coordinates ( qx ,q,,) using the 
relations of Iida and Kohra,6 where the q,, direction is 
parallel to the direction of the reciprocal lattice vector of 
the diffracting planes and the 4~ direction is orthogonal to 
q,. A typical parasitic count rate of about 0.5 counts/s 
(which includes 0.2 counts/s due to electrical noise in the 
detector) was achieved by shielding both the analyzer crys- 
tal and the scintillation detector in order to reduce back- 
ground scatter, and the total count time per step was 10 s. 
Further details of this experimental setup have been previ- 
ously described in greater detail elsewhere.21Y”2 

nematic diffuse x-ray scattering generated by crystal de- 
fects is also visible in the intensity maps, and is distributed 
around the reciprocal lattice points. The data shown in 
Fig. 2 and in all subsequent triple crystal scans were con- 
toured using the logarithm of the diffracted intensity, with 
each contour denoting an intensity increment of 1Oo.25 
counts/s. The minimum contour level was a log (intensity) 
of 0.25, corresponding to - 1.8 counts/s, which signifi- 
cantly exceeds the parasitic background level previously 
discussed. 

Upon initial inspection, the similarities between the 
diffuse scattering profiles from the CM polished and the 
plasma-etched GaAs samples seemed to suggest that the 
magnitude of any crystallographic damage induced by the 
RIE process was likely to be very small. While this may 
indeed have been the case, the surface sensitivity of similar 
x-ray measurements conducted previously on chemical- 
mechanical polished GaAs21 indicated that though small, 
the surface damage should be measurable by TCD. 

III. RESULTS 

Figures 2(a) and 2(b) display the diffracted intensities 
measured about the 004 reciprocal lattice point for an un- 
etched GaAs sample (sample 4A) which was chemical- 
mechanical (CM) polished by the vendor and a reactive 
ion etched GaAs sample (sample 4B), respectively. For 
the RIE-treated sample, a bias voltage of -250 V was 
used, and the total etch time was 15 mm, resulting in an 
etch depth of - 1000 A. The TCD scans illustrated in the 
figure display the two primary characteristics which were 
observed in all of the measurements made in this investi- 
gation. As discussed earlier, the crystal truncation rod, or 
surface streak, is present which extends along the q,, direc- 
tion in reciprocal space in this case, and is a dynamic dif- 
fraction effect caused by the termination of the crystal at 
the sample surface. In addition to this surface streak, ki- 

The diffraction profiles illustrated in Fig. 2 were re- 
corded using the 004 reflection, which is symmetrical with 
respect to the sample surface. However, the 004 reflection 
is also characterized by a relatively large x-ray photoelec- 
tric penetration depth (as calculated from kinematic the- 
ory) of 15.5 pm for 90% absorption of Cu Ka x rays in 
GaAs. Alternatively, a highly asymmetric reflection such 
as the 113 reflection reduces the 90% absorption depth for 
Cu Ka x rays in GaAs to 1.5 ,um.s3 Thus, the use of an 
asymmetric reflection such as the 113 reflection offers the 
prospect of an increased sensitivity to plasma etch-induced 
surface damage. Figure 3 compares the symmetric 004 and 
the asymmetric 113 diffraction geometries by schematically 
illustrating the relationships between the monochromator, 
sample, and analyzer crystals, and the wave vectors S,,/d 
and S//z of the incident and diffracted beams. For the 004 
diffraction scans, the surface streak will be oriented exactly 
parallel to the q, direction, or along the H&4 direction in 
reciprocal space. However, when the diffracted intensities 
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FIG. 3. Triple-crystal diffraction geometries for (a) the symmetric 004 
reflection and (b) the asymmetric 113 reflection, schematically illustrat- 
ing the four reflection monochromator, the sample crystal, and the three 
reflection analyzer crystal. Also shown are the incident and diffracted 
wave vectors S&l and S/a and their relation to the reciprocal lattice 
vector H& . 

are mapped around the 113 reciprocal lattice points, the 
crystal truncation rod will be tilted by an amount equal to 
the angle formed between the diffracting planes and the 
sample surfaces, which, for the case of the 113 reflection in 
an 001 GaAs substrate, is 25.23”. Thus, while the orienta- 
tion of the diffraction planes always remains constant with 
respect to the frame of reference of the (qx,qy) coordinate 
system in reciprocal space regardless of the reflection being 
used, the orientation of the dynamically diffracted surface 
streak changes with the orientation of the sample surface. 

TCD maps of diffracted intensity in reciprocal space 
around the 113 reciprocal lattice point were then recorded 
for the same two samples analyzed above for the 004 re- 
ciprocal lattice point. Figure 4 displays the diffracted in- 
tensities obtained from the 113 reflections for both the CM- 
polished and the RIE-treated samples. The surface streaks 
are still present, although as expected they are no longer 
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FIG. 4. 113 triple-crystal scans from (a) sample 4A (no RIE) and (b) 
sample 4B (RIE, -250 V bias voltage). 
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oriented along the q,, direction as in the symmetrical ge- 
ometry case. However, unlike in the symmetrical case, a 
difference in the magnitude of diffuse scattering was ob- 
served between the unetched and the plasma-etched sam- 
ples. Quite unexpectedly, a greater amount of diffuse scat- 
tering, was found in the CM-polished sample than in the 
plasma-etched sample. As shown in Fig. 4, the maximum 
extent of the diffuse scattering in the 4~ direction at the 
level of the minimum contour decreased from 2.4 X 10B4 to 
2.0 x 10m4 A;-’ from the CM-polished samaple to the RIE 
sample. Therefore, it appeared that the RIE process em- 
ployed either decreased or removed residual surface struc- 
tural damage associated with conventional CM polishing 
procedures used in GaAs wafer fabrication. This was an 
extremely surprising result, since processing techniques 
such as RIE are typically viewed as being sources of crys- 
tallographic damage as opposed to being means of defect 
removal. 

From these intriguing results, it was not possible to 
determine if the diffuse scattering after RIE decreased be- 
cause the concentration of defects was actually being re- 
duced, or if a damaged layer remaining from the CM pol- 
ishing process was simply being etched away, resulting in a 
diffraction profile which merely reflected the bulk defect 
concentration instead of a reduced surface defect level. 
Previous reports have indicated the presence of such resid- 
ual CM polish damage in G~As.‘~-~~ In order to differen- 
tiate between these two possible situations, another set of 
RIE experiments was conducted. Before the samples were 
plasma etched, they were all wet chemically etched in a 
solution of 3:l:l H2S04:H20s:Hz0. Nearly 2.5 pm was 
removed from each sample to insure that any residual 
structural damage resulting from CM polishing was com- 
pletely eliminated. The RIE procedures were identical to 
those described above, except for the total etch times, 
which were 30 min per sample, and the bias voltages. Sam- 
ple 5A was plasma etched using a bias voltage of - 115 V, 
and sample 5B was etched at -460 V. Sample 5C was used 
as the control sample, and was not eteched by RIE. 

Again, the diffuse scattering around the 113 reciprocal 
lattice point was measured for each sample with the asym- 
metric TCD geometry used previously. The resultant dif- 
fracted intensity maps in reciprocal space are shown in Fig. 
5. Figures 5(a), 5(b), and 5(c) display the TCD results 
from the control sample, the sample plasma etched at a 
bias voltage of - 115 V, and the sample etched at - 460 V, 
respectively. As with the first set of RIE samples, the same 
trends existed in the lateral extent (in the e, direction) of 
the diffuse scattering. As the bias voltage was increased, 
effectively increasing the energy of the ions bombarding the 
sample surfaces, the amount of diffuse scattering de- 
creased, indicating a more perfect crystalline structure in 
the near surface regions. 

The primary benefit of using TCD analysis to examine 
surface and near-surface structural perfection is readily ap- 
parent from the contour plots of total diffracted intensities. 
The capability of TCD to plot the intensity distribution 
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FIG. 5. 113 triple-crystal scans from (a) sample SC (no RIE), (b) 
sample 5A (RIE, -115 V bias voltage), and (c) sample 5B (RIE, -460 
V bias voltage). All sample-s were wet chemically etched in a 3:1:1 
H$O,:H,Oz:HzO solution to remove residual polish damage prior to 
plasma etching. 

around a reciprocal lattice point, i.e., creating an intensity 
“map” in reciprocal space, allows for direct and immediate 
observation of changes in the diffuse scattering. In con- 
trast, conventional double-crystal diffraction with no ana- 
lyzer crystal and a wide open detector results in an inte- 
gration of intensities across the surface of the diffracting 
crystal’s Ewald sphere.6 In reciprocal space, this condition 
corresponds to simultaneously recording all of the dif- 
fracted intensity along a line inclined by go”--8, with re- 
spect to the 9~ direction, where 19~ is the exact Bragg angle 
of the sample’s diffracting planes. Therefore, the typically 
weak diffuse scattering is superimposed upon the much 
stronger surface streak intensity. Thus, DCD rocking 
curves generally reveal only the l/g relationship between 
diffracted intensity and deviations from the exact Bragg 
angle that is accounted for by the dynamically diffracted 
surface streak. 

It should be noted that in the case of the asymmetric 
reflection, the diffracted beam formed a nearly grazing an- 
gle with the sample surface (i.e., a “grazing exit” geome- 
try) as opposed to having the incident x-ray beam form a 
nearly grazing angle with. the sample surface (“grazing 
incident” geometry). This grazing exit experimental ar- 
rangement simplified the physical positioning of the sample 
crystal by reducing the effects of centering errors. Further- 
more, using the grazing exit diffracted beam served to re- 
duce the size of the beam emerging from the sample crys- 
tal. Had a grazing incident beam been used, the spatially 
expanded diffracted beam would have been larger than the 
acceptance aperture of the grooved three-reflection ana- 
lyzer crystal, and valuable intensity would have been lost. 

The net intensity, I,& qx,q,,), is defined as the diffracted 
intensity above an arbitrarily designated minimum level. 
For this study, this minimum intensity level was chosen to 
be the minimum contour level used in all of the intensity 
distribution maps, i.e., 10°.25, or about 1.8 counts/s. In the 
direction parallel to the reciprocal lattice vector of the 
( 113) diffracting planes, the limits of integration were 
taken to be ~q,,~~~, representing the overall range that 
was scanned in reciprocal space, which5 in the case of all of 
the scans conducted in this investigation, corresponded to 
720 arcsec in real space. In the direction perpendicular to 
the 113 reciprocal lattice vector, the integration was per- 
formed from 2.35ro [zr&in 25.23”, where 25.23” is the 
angle between the diffracting ( 113) planes and the (001) 
GaAs substrate] to qx,max, the limit of the reciprocal space 
scan in the e, direction. Therefore, a “radius:’ of the sur- 
face streak r. is defined which excluded the intensities 
along the surface streak from the calculation of Iexcess. If a 
data point was located within r. of a straight line along the 
center of the surface streak, then it was considered to be 
part of the surface truncation rod; and was excluded from 
the diffuse scattering calculation. In all of the calculations 
performed for this study, r. was chosen to be 
0.5 X lo-” A-‘. Using this surface streak subtraction pro- 
cedure, an ideally perfect crystal should have an I,,,,, of 
zero if the correct surface streak radius is chosen. We have 
indeed veritled this using a highly perfect Ge crystal which 
was grown with no detectable dislocations, was not inten- 
tionally doped, and was polished and extensively etched to 
remove all traces of surface damage. Figure 6 shows a 
TCD scan performed on this sample using the 113 reflec- 
tion. Obviously, this germanium crystal does not possess 
the relatively high level of intrinsic grown-in defects found 
in GaAs, as evidenced by the lack of diffuse scattering. 
Quantitatively, this fact is borne out by calculations in 
which Axeess equals zero for a surface streak radius r. of 
0.48 X 10m4 A-l. Thus, the procedure and the r. selected 
for the current study both appear to be reasonable and 
appropriate choices. 

Although the intensity distribution maps resulting Table I lists the results of the excess intensity calcula- 
from the TCD measurements are extremely useful and sim- tions for both of the RIE-treated sample groups examined 
ple to use to analyze structural changes in a qualitative in this study. In each case, the integrated intensities shown 
sense, far more information on the mechanisms of RIE are given in arbitrary units which have been normalized to 
surface structure modification could be obtained by a more the excess intensity of the respective control sample. For 
quantitative analysis. More specitlcally, it would be very samples 4A and 4B, which were not free-etched prior to 
beneficial to correlate RIE process-induced damage to a RIE, the excess diffuse intensity after plasma etching at a 
single parameter which quantifies the amount of the kine- bias voltage of -250 V decreased to 37% of the diffuse 
matically scattered diffuse intensity due to structural im- intensity of the untreated sample. This was the initial result 

perfections. This parameter has been defined as an excess 
intensity, IeXcess, which is the amount of diffracted intensity 
present in addition to the dynamically scattered surface 
streak, and has been discussed in detail previously.21 Since 
the total diffracted intensity is present throughout a vol- 
ume of reciprocal space, I,,,, can be calculated by per- 
forming a cylindrical integration of the scattered intensity 
according to the relation24 

I excess = 43T ss Lt(qxx,4y)qx &x &y. (1) 
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employed in this investigation did indeed improve the 
structural perfection of the GaAs samples treated. 

-2 

-3 

-4 
-2 -1 0 1 2 

q, (10’ Angstroms“) 

The data in Table I reveal some additional points. 
First, the absolute excess intensities (expressed in arbitrary 
intensity units) calculated for the two control samples 
were remarkably similar (5.62~ 10v3 for sample 4A vs 
5.09~ 10m3 for sample 5C). This indicates that, contrary 
to the initial hypothesis, the diffuse scattering observed 
from sample 4A was not largely due to residual CM-polish 
damage, but rather could more accurately be attributed to 
the intrinsic grown-in defect structure of bulk GaAs. This 
fact also allowed for more direct comparisons between the 
plasma-etched samples from the two sample groups. For 
instance, the values of 1,x,,s for samples 4B ( -250 V) and 
5B (-460 V) relative to the control samples were quite 
similar (0.37 for sample 4B, 0.42 for sample 5B). This 
result seems to indicate that for increasing bias voltages, 
the surface structure actually becomes less defective to a 
certain point, after which no further structural improve- 
ment is observed as the bias voltage is increased, i.e., some 
threshold voltage may exist. 

FIG. 6. 113 triple-crystal scan from highly perfect Ge. 

that triggered the hypothesis that perhaps the RIE ‘was 
simply removing residual CM-polish damage- from the 
GaAs surface. However, when the second group of samples 
was analyzed (samples 5A, 5B, and 5C, which were free- 
etched prior to any RIE to remove any residual CM-polish 
damage), the identical trends were found. Compared to the 
diffuse intensity of the control sample, the sample plasma 
eteched at a bias voltage of - 115 V (sample 5A) showed 
a 19% decrease in excess intensity. Sample 5B, which was 
subjected to RIE at a bias voltage of -460 V, displayed an 
excess diffuse intensity of only 42% of that for the control 
sample. These results confri-med that the BCI, RIE process 

A possible explanation for this phenomenon is that, at 
the higher voltages, there may be an etch rate limitation 
due to the deposition/redeposition of chemical reaction 
products, or that the chemical reactions themselves are 
being inhibited. Ion-assisted athermal crystallization is a 
well-known phenomenon,25 and it is conceivable that such 
a process is occurring during reactive ion etching of GaAs. 
However, it is difficult to understand how an ion-assisted 
crystallization process could produce a surface layer of 
single-crystal (not polycrystalline) GaAs that has a struc- 
tural perfection that is apparently superior to that of the 
original substrate material. While it is not possible at this 
stage to rigorously assign a mechanism to the structural 
changes observed, these results to inspire further investiga- 
tions into possible phenomena such as dislocation annihi- 
lation in the GaAs substrates. 

V. CONCLUSIONS 

TABLE I. Relative excess integrated intensity measurements from reac- 
tive ion etched GaAs. Sample 5 was wet chemically etched in a 3:l:l 
H,S04:HzOz:Hz0 solution prior to RIB while sample 4 received no prior 
wet chemical etch. The center columns are integrated intensities in arbi- 
trary units cakulated from JZq. ( l), while the column on the right nor- 
malizes the calculated intensities to samples 4A and 5C. 

Sample 

Perfect 
Ge 

4A 
(no RIE) 

4B 
( -250 V RIE) 

5c 
(no RIE) 

5A 
(-115VRIE) 

5B 
( -460 V RIE) 

Intensity from Bq. ( 1) Normalized 
(IO-’ arb. units) intensity 

0 0 

5.62 1.00 

2.10 0.37 

5.09 1.00 

4.12 0.81 

2.15 0.42 

We have shown that high-resolution triple-crystal dif- 
fraction can be very effectively used to map the diffracted 
intensity distribution in reciprocal space around a recipro- 
cal lattice point. Measurements obtained from this tech- 
nique have been used to calculate an excess diffuse inten- 
sity, a parameter which can be directly correlated to 
structural perfection. Application of these calculations to 
GaAs samples plasma etched by a BC13 RIE process re- 
vealed the surprising result that the GaAs surface structure 
actually improved after RIE. Further x ray analyses as well 
as complementary electrical and chemical characterization 
techniques are being conducted to further elucidate the 
mechanisms involved. 
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