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Abstract 

Single crystal a-SiC with [0001] orientation has been irradiated at 170, 300, and 370 K with 360 keV Ar 2÷ ions at an 
incident angle of 25 ° and the damage accumulation process followed in situ by Rutherford backscattering spectroscopy in 
channeling geometry (RBS/C)  along [1702]. At 170 and 300 K, the increase in relative disorder with ion fluence, as 
measured by R B S / C ,  is consistent with a multiple-cascade overlap process. There is a significant deviation from the cascade 
overlap model at 370 K. The R B S / C  results indicate that below a critical damage level the relative disordering rate is nearly 
temperature independent. Post-irradiation characterization of the fully disordered samples indicate a significant loss in the 
intensity of the Raman modes and decreases of 47 and 24% in hardness and elastic modulus, respectively. Cross sectional 
transmission electron microscopy has confirmed the amorphous nature of the damaged surface layer irradiated at 170 K; 
however, at 370 K, some residual crystallinity was observed over the depth range from 10 to 160 nm. The decrease in 
density associated with amorphization at 170 K is estimated to be 22 + 3%. 

I. Introduction 

Silicon carbide (SIC) is an important technological 
material with high-temperature semiconducting properties, 
high thermal conductivity, high-temperature stability, ex- 
treme hardness, and chemical inertness. It is a promising 
wide-gap semiconductor for high-temperature, high-power, 
and high-speed electronic devices. Because of its small 
neutron capture cross-section, SiC also is a candidate 
material for structural components in fusion reactor sys- 
tems and is proposed as an inert host matrix for the burnup 
of excess weapons plutonium using nuclear reactors or 
accelerator-based neutron sources. Electronic device fabri- 
cation, long-term performance in a fusion-reactor or other 
high-radiation environments, and ion-beam modification/ 
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processing of high-temperature structural components re- 
quire detailed understanding of irradiation effects in SiC, 
in particular the kinetics of defect accumulation and amor- 
phization processes. 

There are well over 100 polymorphs of SiC that exist; 
however, a-SiC (6H polytype) and /3-SIC (3C polytype) 
are of the most technological interest [1]. Ion-beam-in- 
duced amorphization in a-SiC at room temperature [1-9] 
and in /3-SIC [9,10] at room and liquid nitrogen tempera- 
tures has been studied in detail. Recently, the temperature 
dependence of ion-beam-induced amorphization in c~-SiC 
[11-14] and fl-SiC [15] has been investigated. Complete 
amorphization in SiC occurs for damage energies of about 
14 to 17 eV/a tom below liquid nitrogen temperature and 
20 to 25 eV/a tom at room temperature. Electron-beam-in- 
duced amorphization in a-SiC [16-18] and fl-SiC [19] 
over a wide range of temperatures also has been investi- 
gated. The critical damage energies at low temperatures for 
complete amorphization under 2 MeV electron irradiation 
are up to a factor of four higher than under 1.5 MeV Xe ÷ 
irradiation for a-SiC [13] and /3-SIC [15]. In addition, the 
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critical damage energies in a-SiC under electron irradia- 
tion exhibit a significant dependence on crystallographic 
orientation [16]. Chemical disordering also has been re- 
ported to play an important role in the crystalline-to- 
amorphous transition in a-SiC [18] and /3-SIC [19] under 
electron irradiation. In c~-SiC, the critical damage energy 
for complete amorphization increases with temperature in 
two stages and rises rapidly at temperatures above 200 K 
[13,16]. The critical temperatures, T c, above which amor- 
phization cannot be induced in a-SiC are estimated to be 
290 K for 2 MeV electrons [16], 420 K for 0.56 MeV Si + 
[14], 485 K for 1.5 MeV Xe ÷ [13], and 573 K for 0.23 
MeV Ga +. In /3-SIC, the critical temperatures are slightly 
higher and estimated to be 340 K for 2 MeV electrons [9] 
and 498 K for 1.5 MeV Xe ÷ [15]. 

In general, the dose dependence of damage accumula- 
tion and amorphization at different temperatures has been 
studied using ex situ characterization techniques at room 
temperature, such as Rutherford backscattering spec- 
troscopy in channeling geometry (RBS/C)  [10-12] and 
cross-sectional transmission electron microscopy (XTEM) 
[9,12,14]. For irradiations at low temperatures, damage 
annealing may occur prior to or during transfer, prepara- 
tion, and characterization at room temperature. Recently, 
the authors have used the HVEM/Tandem Irradiation 
Facility at Argonne National Laboratory [20] to study in 
situ the temperature dependence of the critical dose 
(damage energy) for amorphization in a-SiC [13] and 
/3-SIC [15]; however, quantitative details of the damage 
accumulation as a function of cumulative dose are not 
easily determined by these experiments. In the present 
paper, the results of a recent investigation that utilizes in 
situ R B S / C ,  during 360 keV Ar 2÷ irradiation, to measure 
the dose dependence of damage accumulation and amor- 
phization in c~-SiC at different temperatures are reported. 

2. Experimental procedures 

The n-type a-SiC (6H polytype) single crystal wafer 
used in this study was obtained from Cree Research and 
was oriented on the [0001] axis. Irradiations at 170, 300, 
and 370 K with 360 keV Ar 2÷ ions at a flux of 4 × 1012 
ions/cm2s were carried out on an as-received polished (Si 
face) wafer using the dual-beam facilities within the Ion 
Beam Materials Laboratory at Los Alamos National Labo- 
ratory [21]. The two beamlines for the ion irradiations and 
the R B S / C  analysis are at a relative angle of 60 °, which 
required that both the ion irradiations and the R B S / C  
measurements be carried out at fairly large angles off the 
surface normal. The single crystal wafer was oriented such 
that it was irradiated with 360 keV Ar 2+ ions at ~ 25 ° off 
the [0001] axis over an area of 10 mm diameter. An in situ 
R B S / C  analysis was obtained at temperature on the virgin 
specimen area and after each incremental ion fluence, 
using a 2 MeV He + ion beam (2 mm spot size) incident 

along the [1702] channeling direction ( ~  35.2 ° off the 
[0001] axis), in the center of the irradiated area, and a 
backscattering angle of 165 °. This orientation provided the 
optimum channeling direction given the constraints of the 
experimental geometry. For channeling along this direc- 
tion, the measured value of Xmi~, which is defined as the 
ratio of the backscattering yield in the virgin spectrum just 
below the surface peak to the yield in the random spec- 
trum, was 0.05 in the SiC. The irradiations at each temper- 
ature were continued until the R B S / C  spectrum indicated 
that the entire irradiated layer, from the surface to the end 
of range, was fully disordered (i.e., the aligned backscatter- 
ing yield reached the fully random level). The crystal 
wafer was translated vertically (perpendicular to the beam 
direction) to provide a different area for irradiation at each 
temperature. 

Post-irradiation characterization of the fully-disordered 
samples produced at each irradiation temperature was car- 
ried out at room temperature and included Raman spec- 
troscopy, mechanical property microprobe, and cross-sec- 
tional transmission electron microscopy (XTEM), Since 
epitaxial recrystallization of amorphous layers in SiC re- 
quires temperatures above 1700 K [1], recovery of the 
fully-disordered samples was not expected at room temper- 
ature. The Raman spectroscopy was performed with 488.0 
nm radiation at the Pacific Northwest National Laboratory. 
The mechanical microprobe (nano-indentation) measure- 
ments of hardness and elastic modulus were performed by 
Nano Instruments, of Oak Ridge, TN. Ten indents at 
nominal displacements of 20, 40, and 80 nm were made on 
unirradiated and irradiated samples. The XTEM was per- 
formed within the High-Resolution Analytical Electron 
Microscopy Laboratory at the University of New Mexico 
using a JEOL 2010 microscope operated at 200 kV. The 
XTEM specimens were prepared by cutting each sample in 
half, gluing the two irradiated surfaces together, sectioning 
the crystals perpendicular to the irradiated surface, and 
cutting 3 mm discs from the cross sections; the disks were 
then mechanically thinned and ion milled. 

The density of atomic displacements produced per ion 
as a function of depth under the irradiation conditions for 
both the 360 keV Ar 2÷ and 2 MeV He + was determined 
from full cascade Monte Carlo calculations using TRIM-96 
[22], which is part of the renamed SRIM-96 (Stopping and 
Range of Ions in Matter) program. In these calculations, a 
displacement energy of 25 eV for both Si and C was used. 
(The displacement energy for C in a-SiC is reported to be 
~ 22 eV [23], and the displacement energy for Si is 
assumed by the authors to be similar.) The calculated 
distribution of displaced atoms in a-SiC under the irradia- 
tion conditions employed are shown in Fig. I for a typical 
incremental fluence of 360 keV Ar e+ ions and for a 2 
MeV He + (RBS/C)  analysis. Each R B S / C  analysis was 
performed to an integrated fluence of 40 He + ions /nm 2, 
which contributed 1.5 x 10 3 dpa to the incremental dose 
from the 360 keV Ar 2+ ions. Since the 2 MeV He + probe 
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Fig. 1. Damage distributions in ol-SiC irradiated to incremental 
fluences with 360 keV Ar 2÷ ions at 25 ° incident angle and with 2 
MeV He + ions at 35 ° incident angle (calculated using TRIM-96). 

contributes slightly to the overall cumulative damage pro- 
duced by the 360 keV Ar 2+ ions during the in situ 

experiments, the total dose, in units of displacements per 
atom (dpa), reported below includes the contribution from 
the R B S / C  He + beam. (Note: previous studies of SiC by 
the authors [13,15] used TRIM-95, which underestimated 
the displacements produced as a result of an error in the 
calculation of electronic stopping powers for SIC.) 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

3.1. In situ RBS / C analysis 

For each sample area irradiated, the 2 MeV He + beam 
for the R B S / C  analysis was aligned with the bulk [1102] 
direction, and a R B S / C  spectrum of the virgin (unirradia- 
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Fig. 3. Several of the aligned backscattering spectra obtained in 
situ from a-SiC irradiated sequentially with 360 keV Ar ~-+ ions 
at 300 K, along with a random spectrum. 

ted) area was taken at the preset temperature prior to 
initiating the irradiation sequence. The irradiation sequence 
involved irradiating the selected area with an incremental 
fluence of 360 keV Ar 2+ ions followed by an R B S / C  
analysis, with its incremental fluence. The irradiation se- 
quences at 170 and 300 K involved 17 irradiation steps 
and R B S / C  spectra. At 370 K, 18 irradiation steps and 
spectra were taken. Several of the sequential R B S / C  
spectra taken as a function of ion fluence during irradia- 
tions at 170, 300, and 370 K are shown in Figs. 2-4 ,  
respectively. Also shown is the spectrum from the unirra- 
diated virgin sample and a random spectrum obtained by 
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Fig. 2. Several of the aligned backscanering spectra obtained in 
situ from a-SiC irradiated sequentially with 360 keV Ar 2+ ions 
at 170 K, along with a random spectrum. 
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Fig. 4. Several of the aligned backscattering spectra obtained in 
situ from e-SiC irradiated sequentially with 360 keV Ar 2+ ions 
at 370 K, along with a random spectrum. 
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rocking the incident angle a few degrees off the channeling 
direction. The increase in the backscattering (dechannel- 
ing) yield from the Si atoms provides a profile of the 
distribution of displaced Si atoms on the Si sublattice. At 
170 K, the dechanneling yield from the Si reaches the 
random level at a fluence of 4.0 Ar 2÷ ions /nm 2. The 
fluence at which the dechanneling yield from Si first 
reaches the random level increases with temperature to 5.0 
Ar 2+ ions /nm 2 and 10.0 Ar 2+ ions /nm 2 for the irradia- 
tions at 300 and 370 K, respectively. Much higher fluences 
(nearly a factor of two) are required for the surface regions 
to be randomized. At the higher fluences for each tempera- 
ture, the dechanneling yield from the C atoms also notice- 
ably increases and at the highest fluences is consistent with 
a random yield. (There is no discernable loss of C in the 
near-surface spectra.) At fluences above 2.5 ions/rim 2 (3.0 
ions /nm 2 in Figs. 2-4), where the main peak in the 
backscattering yield is near or at the random level, another 
smaller peak in the backscattering yield is observed just 
below the surface. This peak is similar to that reported by 
Edmond et al. in /3-SIC [10] and by Holland et al. in Si 
[24] and is evidence for misalignment of the residual 
crystalline material in front of the buried amorphous layer 
with respect to the aligned crystalline substrate beyond the 
amorphous layer. This misalignment is the result of the 
large change in density (15 to 17% volume expansion at 
room temperature [1,9]) associated with amorphization in 
SiC. As the damage accumulates, it is expected that the 
density in the irradiated layer changes nonuniformly with 
depth and nonlinearly with fluence. 

Since the energy of the backscattered He + ions is 
linearly related to the areal density of atoms (atoms/nm 2) 
in the traversed layer [25], profiles of the dechanneling 
yield from the Si atoms have been obtained from the 
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Fig. 5. Profiles of the relative disorder as a function of traversed 
atom density in o~-SiC irradiated at 170 K (also included is a 
depth scale referenced to the density of the undamaged SIC). The 
results are derived from the RBS/C spectra in Fig. 2. 
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Fig. 6. Comparison of the relative disorder profile in c~-SiC 
irradiated to 3.0 Ar 2+ ions/nm ~ at 170 K and the normalized 
damage distribution calculated by TRIM-96. 

RBS/C  spectra as a function of the areal atomic density, 
which can be equated to depth only if the density is 
constant or if the density distribution is known. Using the 
procedure described by Holland et al. [26], the relative 
disorder along the [1302] direction has been determined 
from the profiles of the backscattering yields of aligned 
and random spectra. The relative disorder at 170 K as a 
function of traversed atomic density for several ion flu- 
ences is shown in Fig. 5, also included is a depth scale 
referenced to the density of the undamaged SiC. The 
relative disorder in the irradiated layer increases with ion 
fluence at all temperatures and becomes coincident with 
the fully disordered (random) level at a traversed atomic 
density corresponding to the peak in the ion-damage pro- 
file. As the ion fluence increases further, the width of the 
fully disordered layer increases and eventually consumes 
the entire irradiated layer. As discussed by Edmond et al. 
for /3-SIC [10], the random level for dechanneling along a 
given direction may not always correspond to a fully 
amorphous state, and this may be the case for dechannel- 
ing along the [1302] direction in this study, as discussed 
below for the XTEM results. The distribution of the rela- 
tive disorder in the irradiated layer at 170 K for a fluence 
of 3.0 Ar e+ ions/rim 2 is shown in Fig. 6 and is in 
excellent agreement with the ion-damage profile, also 
shown, that is predicted by TRIM-96 calculations. The 
anomalous peak in the relative disorder (misalignment of 
the near surface crystalline material) that is observed in the 
profiles (e.g., Figs. 5 and 6) for fluences greater than 2.5 
ions /nm 2 occurs over a depth range corresponding to 20 
to 60 nm in the undamaged SiC. This near-surface peak 
was not included in the curve fitting analyses. 

The ingrowth of the relative disorder at the surface and 
at the peak in the damage profile were determined for each 
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Fig. 7. Relative disorder, determined at the peak in the damage 
profile, as a function of dose (dpa) for oe-SiC irradiated at 170, 
300, and 370 K. (Solid curves are fits of the double-overlap model 
(Eq. (1)), and the dashed curve is a polynomial fit.) 

spectrum. When compared on a basis of the calculated 
displaced atom dose (dpa), the relative disorder at the 
surface and at the damage peak exhibited a similar depen- 
dence on dose at each temperature, suggesting a minimal 
effect of the surface on the disordering process. The 
relative disorder at the peak in the damage profile is shown 
in Fig. 7 as a function of the displacement dose and 
irradiation temperature. The rate of disordering decreases 
with increasing temperature, consistent with an increase in 
defect recovery processes at elevated temperatures; how- 
ever, the results suggest that there is a critical level of 
damage (defect concentration), corresponding to a relative 
disorder value of about 0.3, below which the disorder is 
largely temperature independent. The relative disorder at 
170 and 300 K follows a nearly sigmoidal dependence on 
dose that is consistent with the double-cascade overlap 
model for amorphization defined by Gibbons [27], which is 
shown by the curve fits at these two temperatures. In this 
model, the amorphous fraction, J~, is given by 

f , =  1 - [(1 + B D + B 2 D 2 / 2 ) e x p ( - B D ) ]  (1) 

where B is related to the effective damage volume per ion 
and D is the dose. The value of B determined by nonlin- 
ear regression analysis decreases from 24 dpa - i  at 170 K 
to 21 dpa-~ at 300 K, indicating a decrease in the effective 
damage volume with increasing temperature. At 370 K, the 
dose dependence of the relative disorder markedly deviates 
from the double-overlap model after the disorder reaches a 
value of about 0.4; this behavior may be due to significant 
defect interactions, recovery, and /or  migration at this 
temperature. 

3.2. Temperature dependence of critical dose 

From the R B S / C  results in Fig. 7, the critical dose for 
amorphization can be estimated as the dose when the 
relative disorder reaches unity at each irradiation tempera- 

ture. The results are shown in Fig. 8, along with the results 
of Weber et al. [13] for 1.5 MeV Xe ÷ irradiations along 
[0001] (dose corrected using TRIM-96) and the results of 
Inui et al. [16] for 2 MeV electron irradiations along 
[0001], [1120], and [1"[00]. The model and activation en- 
ergy derived previously [13] for the 1.5 MeV Xe + and 2 
MeV electron data are used to fit the curve (shown) to the 
360 keV Ar e.- data. Below 300 K, the critical amorphiza- 
tion dose for the 360 keV Ar 2+ irradiations at 25 ° off the 
[0001] direction is lower than the corresponding critical 
dose for 1.5 MeV Xe + irradiation along the [0001] direc- 
tion. This may be associated with an effect of crystallo- 
graphic orientation during irradiation, as suggested by the 
2 MeV electron results [16] that indicate irradiations along 
the [0001] direction have a higher critical dose; it also may 
be due to the effect of channeling direction on determining 
amorphization, as discussed by Edmond et al. [10]. The 
results in Fig. 8 also show that above 300 K the amor- 
phization dose for 360 keV Ar 2÷ rises more rapidly with 
temperature than for the 1.5 MeV Xe + irradiations, which 
suggests a lower critical temperature for the 360 keV Ar e+ 
irradiations than for the 1.5 MeV Xe + (yet higher than for 
the 2 MeV electrons). The critical temperature for amor- 
phization in a-SiC under 360 keV Ar 2+ irradiation is 
estimated to be 425 K from the curve fit. The decrease in 
critical temperature with decreasing projectile mass is sim- 
ilar to the behavior that has been reported previously for 
SiC [13,15], Si [28], CazLa8(SiO4)602 [29], and CuTi 
[30]. This behavior is attributed to a decrease in the size of 
the recoil cascades and an increase in freely migrating 
defects with decreasing mass of the incident ion. 

3.3. Optical and mechanical properties 

Raman spectroscopy with 488.0 nm radiation was car- 
ried out on an unirradiated sample and on the fully-dis- 
ordered samples produced at each irradiation temperature. 
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Fig. 8. Temperature dependence of the dose to amorphize oe-SiC 
for 360 keV Ar e+ (this study), for 1.5 MeV Xe + [13] (dose 
corrected using TRIM-96), and for 2 MeV electrons at different 
orientations [16]. 
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Fig. 9. XTEM images of samples irradiated with 360 keV Ar 2+ 
to (a) 8 ions/nm 2 at 170 K and (b) 20 ions/nm 2 at 370 K. 

The intensity of the first-order Raman vibrational modes in 
a-SiC that were observed in the unirradiated material were 
completely absent in all the irradiated materials, which is 
consistent with an amorphous or highly disordered state. 
Similar results have been reported by McHargue et al. [31]. 
The results of the nano-indentation measurements show a 
significant decrease in the hardness and elastic modulus of 
the disordered (amorphous) layer of the sample irradiated 
at 170 K to 8.0 Ar 2÷ ions /nm 2 (the other two samples 
were not measured). The hardness decreased 47% (from 49 
to 26 GPa), and the elastic modulus decreased 24% (from 
550 to 418 GPa), These results are similar to those re- 
ported by McHargue and Williams [1 ]. Further details on 
the dose dependence of the changes in Raman intensity 
and mechanical properties will be determined as part of an 
ongoing investigation of a-SiC. 

atomic density of the irradiated layer predicted by TRIM. 
Using the traversed atom density of the fully-disordered 
layer determined by R B S / C  and the layer thickness deter- 
mined by XTEM, the density of the amorphous state at 
170 K is estimated to be 2.47 + 0.10 g / c m  3. This decrease 
in density of 23 + 3% at this temperature is larger than the 
15 to 17% volume expansion [1,9] reported for SiC at 
room temperature. In the XTEM specimen prepared from 
the sample irradiated at 370 K to 20 ions /nm 2, two 
amorphous bands were observed, as shown by the micro- 
graph in Fig. 9(b). The deeper band is believed to be the 
result of damage from the 2 MeV He + probe that corre- 
sponds to a fluence of 400 ions /nm 2 in this XTEM 
specimen, which was inadvertently cut from an irradiated 
region that included the region probed by the He + beam 
during R B S / C  analysis. This deeper amorphous band is 
about 400 nm thick and starts at a depth of 2.1 /xm, which 
is considerably less than the projected peak in the damage 
profile (3.8 /xm), calculated by TRIM-96, for 2 MeV He + 
under these irradiation conditions. The shallower amor- 
phous band that extends from 160 to 360 nm is a result of 
damage from the 360 keV Ar 2+ irradiation. In addition to 
the two observable amorphous bands in Fig. 9(b), there 
also is an 8 nm thick amorphous layer at the surface 
(discussed below). Residual crystallinity is clearly evident 
over the depth from 8 to 160 nm at this orientation (Fig. 
9(b)), even though the R B S / C  spectra along the [1102] 
direction from this layer indicates complete disorder. This 
is consistent with the observations of Edmond et al. [10] on 
/3-SIC regarding the effect of orientation on determining 
complete amorphization by R B S / C .  Although the irradi- 
ated layer at 370 K is not amorphous over its whole 
thickness, it is significantly damaged, and the average 
decrease in density associated with the observed damage, 
based on the R B S / C  and XTEM results, is 16 + 3%. 

In the XTEM specimen irradiated at 170 K, high-reso- 
lution TEM (HRTEM) was carried out in a thin region at 
the end of the Ar ion range. The HRTEM micrograph from 

3.4. X T E M  analysis 

Post-irradiation XTEM was performed on the speci- 
mens studied in situ with R B S / C ;  consequently, the im- 
ages correspond to the maximum dose where the R B S / C  
results suggest full disorder from the surface to the end of 
range. XTEM micrographs of samples irradiated at 170 
and 370 K are shown in Fig. 9. (XTEM specimen prepara- 
tion from the sample irradiated at 300 K was not success- 
ful.) In the specimen irradiated at 170 K to 8 ions /nm 2 
(Fig. 9(a)), a completely amorphous layer was observed 
that extends from the surface to a depth of 365 nm. This 
result is consistent with the R B S / C  result that shows a 
fully-disordered layer that is coincident with the areal 

Fig. 10. HRTEM image of the amorphous/crystalline interface at 
the end of range (365 nm) in a cross section of the sample 
irradiated with 360 keV Ar 2+ to 8 ions/nm 2 at 170 K. 
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Fig. 11. HRTEM image of the surface region in a cross section of 
the sample irradiated with 360 keV Ar 2+ to 20 ions/nm 2 at 370 
K. 

the end of range (Fig. 10) shows the transitional interface 
( ~  20 nm) between the irradiation-induced amorphous 
layer and the crystalline substrate, including a few residual 
crystalline islands in the amorphous matrix. A HRTEM 
image of the surface of the specimen irradiated at 370 K is 
shown in Fig. 11. The amorphous layer at the surface 
extends from the surface to a depth of about 8 rim. Beyond 
that depth, the image shows evidence for some weak 
unconnected periodicity in the matrix, which indicates that 
the matrix in this region is not yet completely transformed 

to the amorphous state. 

4. Summary 

In situ R B S / C  techniques have been used to study the 
accumulation of ion-beam-induced disorder in c~-SiC along 
the [1102] direction. The relative disorder measured by 
R B S / C  increases with dose at 170 and 300 K and follows 
a dependence that is consistent with the double-cascade 
overlap model for amorphization. At 370 K, there is a 
significant deviation from the predicted model behavior 
due to defect recovery a n d / o r  migration. The R B S / C  
results indicate that below a critical damage level the 
relative disorder is largely temperature independent. The 
critical temperature for amorphization under 360 keV Ar 2 + 
irradiation is estimated to be 425 K. Post-irradiation char- 
acterization of the fully disordered samples indicate a 
significant loss in the intensity of the Raman modes and 
decreases in hardness and elastic modulus of 48 and 24%, 
respectively. The decrease in density associated with amor- 
phization at 170 K is estimated to be 22 _+ 3%. 
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