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Rutherford backscattering is used to obtain absolute compositional data from InGaAs thin Ðlms without any
reference standards. Carbon-doped thin Ðlms with compositions varying between 0.02 Æ x Æ 0.4 haveIn

x
Ga1~x

As
been analysed and values of x obtained with an estimated accuracy of ¿1% in most cases. The observed variation
in two measurements of a set of nine samples with a range of values of x has a mean of 1.000 and a standard
deviation of 2.2% . This observed error is not inconsistent (at the 5% signiÐcance level) with the estimated error.
The analytical method described is valid for many compound thin Ðlms. 1997 by John Wiley & Sons, Ltd.(
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INTRODUCTION

Rutherford backscattering (RBS) is an analysis tech-
nique of very wide applicability. It is capable of giving
depth proÐles of major and minor constituents of thin
Ðlms in the near-surface region. The probing beam of
energetic (MeV) ions interact according to the Coulomb
law with the target nuclei. If the beam energy is too
high, the Coulomb barrier is exceeded and the scat-
tering cross-section is no longer given by the analytical
Rutherford expression, and as the beam energy
decreases the screening e†ect of the atomic electrons
increases. The screening e†ect correction is small for
typical beams. The energy loss of scattered ions is given
by simple kinematic relations together with knowledge
of inelastic energy loss of ions in elemental materials.
Since the interaction energies are so high no chemical
e†ects are usually seen (these can only be observed for
low-Z materials1). But in general it is a very good
approximation to assume that the energy loss in a com-
pound is a linear superposition of the compoundÏs ele-
mental components. The detection probability of the
scattered ions is close to 100%. Scattered ions enter a
detector placed at a large backscattering angle, and the
energy resolution of the system is usually D1%, allow-
ing much information about the target to be calculated
from the energy-loss spectrum.

The quantiÐcation of an RBS spectrum from a partic-
ular sample depends on a calibration of the analysis
system, and not on standards which have to have any
similarity with the sample. In a round-robin exercise
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organized by the National Physical Laboratory,2 the
100 nm standard for electron spectroscopy wasTa2O5characterized by ion beam analysis techniques, includ-
ing RBS. The only standard that was necessary to use
RBS to count the number of Ta atoms in the Ðlms
(except those necessary to calibrate the machine energy
and the spectrometer gain) was an experimental value
for the energy loss of the beam in a Ta matrix, and it
was the accuracy of this value (cited at 2.2%) that deter-
mined the accuracy of the analysis. Another recent
example of the use of RBS in standards work is the
characterization of a secondary implanted standard by
the Institute for Reference Materials and Measurements
in Geel.3

The simplicity of RBS is in contrast to other methods
of determining thin Ðlm composition. In a previous sys-
tematic study of InGaAs thin Ðlms the composition was
measured by electron probe microanalysis (EPMA),
double crystal x-ray di†raction, Raman scattering, pho-
toluminescence and optical absorption, apart from
RBS.4 Reasonably consistent results were obtained from
all the methods, but they are all much more indirect
than RBS. Both EPMA and RBS were considered to be
the most reliable.

In EPMA the total yield of detected x-rays depends
on the ionization cross-section and the absorption and
secondary Ñuorescence probabilities, apart from the
detector efficiency and the details of the shape of the
volume excited by the electron beam. All of these can be
calculated to a reasonable accuracy, but absolute accu-
racy at the 1% level depends on the use of standards
which have a composition comparable to the sample.
Electron probe microanalysis also has little depth sensi-
tivity.

Other popular methods for obtaining thin Ðlm com-
position are the sputter depth proÐling techniques, in
particular secondary ion mass spectrometry (SIMS) and
Auger electron spectroscopy (AES). Both of these
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techniques su†er from sputtering artefacts, and also
from matrix e†ects which are very strong in the case of
SIMS. Accurate work requires careful determination of
all these e†ects.

In this work we give details of the way in which RBS
spectra of InGaAs layers can be analysed to give very
accurate values for the indium content. The work was
done to characterize strained C-doped InGaAs layers
grown on GaAs as high-conductivity components in
GaAs/AlGaAs transistor structures.5 In principle, x-ray
analysis can be used to determine the In content of
highly strained InGaAs : C, but the superposition of
strain due to C and In makes this analysis difficult.

EXPERIMENTAL

p` layers with 0\ x \ 0.4 were grown onIn
x
Ga1~x

As
semi-insulating GaAs substrates by molecular beam
epitaxy, using pre-cracked arsine as the group V source
and triethylgallium and trimethylindium as the group
III sources. Heavy carbon doping (D1020 cm~3) was
achieved using a source of carbon tetrabromide. Film
thicknesses between 500 and 1500 nm were grown, with
the critical thickness for pseudomorphic growth being
exceeded for Ðlms with x \ 0.2 (causing relaxation).

The samples were amorphized with 2] 1015 Ar
cm~2 at 400 keV at nominally room temperature to
eliminate channelling e†ects from the near-surface
region which change the shape of the spectrum
unquantiÐably. The range of 400 keV Ar in GaAs (5.32
g cm~3) is 288]116 nm and in (densityIn0.25Ga0.75As
5.73 g cm~3) is 273 ^ 114 nm (SUSPRE calculations6).
The depth of amorphization of this implant is D330 nm.

The RBS analysis was carried out with a 1.5 MeV
4He` beam, with the detector at a 160¡ scattering angle.
The beam was D1 mm diameter and normal to the
sample, and the beam current was D5 nA. Approx-
imately 10 lC of charge was collected. The energy cali-
bration was 2.908 keV per channel, with a 21.5 channel
o†set. The sensitivity is 1012In cm~2 count~1 (for 10 lC
normalization), given by 8200 counts per channel for
the combined yield of the Ga and As signals at the
surface for the spectrum, using an energyIn0.02Ga0.98As
loss factor (surface energy approximation) of
[e]\ 152.10~15 eV cm2. The depth scale is thus
4.33 nm per channel for the GaAs signal for this low
value of x, assuming an atom density of 4.42 ] 1022
atoms cm~3. Thus the Ar implant has a range D65
channels deep with a straggle of D27 channels. This
compares with 33 channels between the In and Ge
edges.

ANALYSIS PROCEDURE

The samples are analysed with a basic assumption that
the composition is i.e. that there are twoIn

x
Ga1~x

As,
separate and equal sub-lattices for the group III and
group V elements. This is because we cannot, in prin-
ciple, separate the Ga and As signals, which we treat as
a composite “GeÏ signal.

The analysis also has the basic limitation that it is
valid only near the surface, where the In and Ga] As

signals are separable. In this analysis (1.5 MeV He), the
surface region for which the analysis is valid is no more
than 1018 cm~2 thick (226 nm at 4.42] 1022 cm~3). In
principle, the analysis can extend into the region where
the In and GaAs signals overlap, but the sensitivity to
In is dramatically reduced.

The procedure is very simple in principle : the relative
heights of the In and the Ga ] As signals are measured
at the surface, and the composition deduced (Fig. 1).
The standard expression for the backscattered yield YA(in counts per channel) from the target surface for one
component A of a compound target AB is7

YA \ QfA pA@ (E0))* sec h/[e0]AAB (1)

where the components of the right-hand side of this
equation are, respectively, the total Ñuence incident on
the target, the fraction of component A, the di†erential
cross-section at the incident beam energy the solidE0 ,
angle of the detector, the energy calibration of the spec-
troscopy system (in keV per channel), a geometrical
factor if the target is not normal to the beam and,
Ðnally, the stopping cross-section factor (in eV cm2),
evaluated in the surface energy approximation (at beam
energy for a signal A from a matrix AB.E0)Thus, taking the ratio R of the yields for both com-
ponents eliminates almost all the experimental vari-
ables, giving

R\ r(pA@ /pB@ )([e]B/[e]A) (2)

where and forR4YA/Y B r 4 fA/fB\ x/(2 [ x)
and the ratio of the di†erential scatteringIn

x
Ga1~x

As,
cross-sections is given by whichpIn/pGe \ 2.339,8
includes a 0.55% screening correction.9 An average
value is used for The correct value can bepGe pGaAs .easily calculated using a rapidly converging iteration
procedure that starts with GaAs (equivalent to Ge) and
ends with but this causes only a very smallGa1~x

As,

Figure 1. Spectrum from sample 225 with a calculated spectrum
for composition x ¼0.0845. The 2.908 keV per channel data are
shifted to give a zero offset. Slight channelling effects can be seen
at the edge of the Ga signal, and the back edge of the amorphized
layer can also be seen around channel 310. At low energies the
calculated spectrum (which does not include multiple scattering)
is significantly lower than the data. The quadratics xin and xge are
shown fitted to the appropriate parts of the spectrum. The posi-
tions of the In and Ge edges are shown by the arrows, together
with the heights actually measured (dotted vertical lines).

( 1997 by John Wiley & Sons, Ltd. SURFACE AND INTERFACE ANALYSIS, VOL. 25, 254È260 (1997)



256 C. JEYNES ET AL .

change to the results (\0.5%) and is neglected here for
clarity. The ratio of the energy-loss factors is given by

which is valid for all values of x in[e]Ge/[e]In\ 0.974,
this range (see discussion on systematic uncertainty
below). Thus, to Ðnd x we have only to determine the
value of R for each sample.

To Ðnd R we construct quadratic curves of the same
shape as the data, since RBS signals of bulk uniform
materials near the surface are almost exactly quadratic
in form due to the 1/E2 dependence of the Rutherford
cross-section. All the spectra should have the same
shape, with the heights of the signals being the only
variable.

Determining the value of R in practice has some sub-
tleties if very accurate (1%) measurements are required.
Firstly, the As ] Ga surface signal is superimposed on
the In signal from deeper in the sample, and this In
background must be subtracted. Secondly, the In signal
and the As ] Ga signal must both be measured at the
same depth in the target (we carry out the measurement
at the surface). To do this we use a simulation of an
intermediate composition to give two quadratics with
the right shape, one for the In signal and one for the
total signal below the As edge. These quadratics are
then normalized to each spectrum and used to obtain
the In and the Ga ] As surface signals.

Thus, to obtain all the accuracy available from the
indium signal we apparently also assume that the com-
position is uniform in the near-surface layer. However,
this is not a true assumption since we can verify that the
spectral shape is close to that necessitated by a homoge-
neous surface layer, and reject samples that have an
invalid spectral shape. One such sample was found in
the set analysed.

RESULTS

The results are shown in Table 1. The Ðrst two columns
show the experimental data : integrations of the (pile-up-

corrected) spectra in the regions of interest (ROI) are
shown. The pile-up correction is discussed below. The
ROI:333-402 is Ðrmly in the amorphized region of the
“GeÏ signal, avoiding the very-near-surface region (which
will su†er from pile-up distortion, and any remaining
channelling e†ects), and similarly for the In ROI.

The calculation is as follows : the value of the surface
In signal height is found by comparison with the refer-
ence quadratic “xinÏ. So, for sample 218 and column 3
(col3), 885.7\ 15 372/35 891] 2068. Similarly for the
“In ] GeÏ surface signal in col4 (which is compared to
the “xgeÏ reference quadratic, and the In background to
this signal in col5 (compared to “xinÏ). Column 6 is
simply col4Ècol5, col7\ col3/col6 and the Ðnal
columns come from Eqn (2).

PILE-UP CORRECTION

Pairwise pile-up is corrected for by subtracting the cal-
culated pile-up spectrum. Let the pile-up in channel i be
p(i) and the counts in channel i be c(i). Then

p(i) \ w[AC(i) [ c(i)] (3)

where w is a weighting factor which represents the prob-
ability of pile-up occurring due to the average count
rate, and where c( j)c(i [ j) is the convolu-C(i) 4;

j/1i@2
tion of the spectrum with itself. The normalization
factor A is determined (for pairwise pile-up) by con-
sidering that the sum of the piled up counts is half the
sum of the counts lost through pile-up

2ACT\ cT
where C(i) and c(i). The c(i) factor inCT4 ; cT4 ;
Eqn (3) represents the probability that the counts are
lost from channel i through pile-up events, since

c(i) \ ;
j

c( j)c(i)/cT
For low counting rates, pairwise pile-up is all that

needs to be considered. Note that the integral of the

Table 1. November 1995 data (see text)a

1 2 3 4 5 6 7 8 9

Surface In ½Ge

In signal signal In(Ge) Ge In/Ge In/Ge

Integral Integral (counts at (counts at (counts at (counts at yield atomic

File 333-402 428-444 channel 450.5) channel 416.5) channel 416.5) channel 416.5) ratio R ratio r In content x

xge 646 672 – – 8564 –

xin – 35 891 2068 – 2172

218r 643 407 15 372 885.72 8520.76 930.26 7590.5 0.1167 0.0513 0.0975

219r 665 042 28 287 1629.87 8807.28 1711.83 7095.45 0.2297 0.1009 0.1833

223r 598 845 3129 180.29 7930.62 189.36 7741.26 0.0233 0.0102 0.0203

225r 640 505 13 269 764.55 8482.33 802.99 7679.33 0.0996 0.0437 0.0838

226r 643 387 12 720 732.91 8520.5 769.77 7750.73 0.0946 0.0415 0.0798

227r 621 708 7989 460.32 8233.4 483.47 7749.93 0.0594 0.0261 0.0509

228r 692 584 38 664 2227.78 9172.02 2339.81 6832.21 0.3261 0.1432 0.2506

229r 636 372 11 494 662.27 8427.6 695.58 7732.02 0.0857 0.0376 0.0725

230r 652 083 17 180 989.89 8635.66 1039.67 7595.98 0.1303 0.0572 0.1083

231r 632 812 10 289 592.84 8380.45 622.65 7757.79 0.0764 0.0336 0.0650

232r 672 292 27 665 1594.03 8903.29 1674.19 7229.1 0.2205 0.0969 0.1766

241r 736 691 55 635 3205.63 9756.14 3366.84 6389.3 0.5017 0.2204 0.3612

a Data are entered in columns 1 and 2 (cols1&2) and rows xge and xin. Columns 3–5 are calculated from the data,
col6 ¼col4 Écol5, col7 ¼col3/col6 and cols8&9 are from Eqn (2).
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Figure 2. Spectrum from sample 241 with a calculated pulse
pile-up spectrum normalized to the signal above the In edge.
Experimental conditions are the same as for Fig. 1. The data of
sample 241 can be seen on this vertical scale only above about
channel 445, so it is replotted at one-hundredth the size. Notice
that the pile-up spectrum is negative for the matrix signal where
counts are lost on average, and positive for the smaller In signal
where counts are gained on average.

pile-up spectrum must be negative (actually ; p(i)\
since for every piled-up pulse detected at the[w/2cT)MCA (multichannel analyser) there are two real events

at the detector. For accurate pile-up corrections the
behaviour of c(i) at low energy needs to be known quite
accurately (since low-energy pulses can dominate the
count rate), and therefore the lower level discrimination
of the analog-to-digital converter (ADC) must be at the
noise level. This was not the case in this work, so the
corrections are uncertain by D10%. Since the correc-
tion itself in the worst case is only D10%, we estimate
that pile-up contributes \1% to the error in the deter-
mination of x (see Table 5, col2).

Figure 2 shows the calculated pile-up spectrum for
one sample. The value of the normalization factor w
[Eqn (3)] is Ðtted to the spectrum above the In edge,
and the values of w are shown in Table 2. This factor
should be a function of the time resolution of the elec-
tronics and the count rate for the spectrum: Table 2
normalizes for count rate for each spectrum and we Ðnd

that the normalized value wA is 0.0689 ^ 6%. Equiva-
lent data collected in September 1995 gave a value for
wA of 0.0781] 5%. The size of the error is as expected
from the statistics of the pile-up in the Ðtted spectra,
and the di†erence in the mean value on the two dates
can be explained by observing that the true value of cTdi†ers from that given because of the (arbitrary) value of
the ADCÏs low-level discriminator (LLD), which also
slightly di†ers between the two dates.

Pairwise pile-up has been analysed similarly by Hart
et al.,10 who also showed how to improve the electronic
pile-up rejection by an order of magnitude by increasing
the time resolution of the rejector. Multiple pile-up has
been analysed by Gu� nzler et al.,11 who also described a
multisegment detector system which could reduce
pile-up by another order of magnitude by reducing the
e†ective count rate. Amsel et al.12 have closely analysed
the details of how the pile-up is a†ected by the elec-
tronics, and in particular the pulse shape distortion of
the sum peaks. The e†ect of the intrinsic low-level
cut-o† implied by the noise-limited threshold of the
ampliÐerÏs LLD is discussed in detail by Boie and Wild-
nauer.13

SYSTEMATIC UNCERTAINTY (ACCURACY)

The values of the stopping cross-section factors them-
selves are uncertain due to the uncertainty in the data-
base, which is a semi-empirical interpolation for all the
elements in the Periodic Table, with a nominal accuracy
not better than 5% in general.14 However, the value of
the ratio of the stopping cross-section factors is very
much better known since the form of the energy-loss
curves is much better known than their absolute values.
This ratio has the value [e]Ge/[e]In\ 0.9732 ^ 0.000515
or 0.9742 ^ 0.000516 for any value of x in In

x
Ga1~x

As
between 0 and 0.25, depending on which database is
used (see Table 3). The nominal error here is D0.1%.
Note that the surface energy approximation is in use
without error since we are using surface yields for the
calculations.

However, the size of systematic errors in the shape of
the data in the database can be estimated by calculating
the “normalization ratioÏ (Table 4, col6). The spectra are

Table 2. November 1995 data : pile-up correction parameters

1 2 3 4 5 6 7

Charge w¾ Time Current wÂ

File w (mC) (w /mC) (s) (nA) c
T

(w¾/nA/c
T
)

pup218 20 000 9.29 2152.85 1554 5.98 5 211 024 0.0691

pup219 14 650 7.45 1966.44 1489 5 5 413 965 0.0726

pup223 16 900 9.38 1801.71 1764 5.32 4 968 491 0.0682

pup225 16 900 8.84 1911.76 1708 5.18 5 257 040 0.0703

pup226 15 290 8.56 1786.21 1681 5.09 5 242 167 0.0669

pup227 19 000 9.29 2045.21 1520 6.11 5 035 996 0.0664

pup228 9 450 4.68 2019.23 878 5.33 5 512 413 0.0687

pup229 14 900 8.93 1668.53 1690 5.28 5 121 397 0.0617

pup230 16 275 8.56 1901.29 1549 5.53 5 257 811 0.0654

pup231 15 700 8.93 1758.12 1771 5.04 5 143 655 0.0678

pup232 8 420 4.7 1791.49 964 4.88 5 413 856 0.0679

pup241 11 550 4.66 2478.54 927 5.03 6 071 688 0.0812
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Table 3. Variation of various quantities with In content and other things (see text)

Energy-loss factor Beam and

In
x
Ga

1vx
As eV/(10É15/cm2) C

Av
a scattering

x ÍeË
Ga

ÍeË
As

ÍeË
Av

ÍeË
In

ÍeË
Av

/ÍeË
In

k
Av

/k
In

(In in channel 450.6) angle

0.01 150.8 151.5 151.15 155.2 0.9739 0.9232 415.98 1.5 MeV, 160¡
0.12 154 154.8 154.43 158.5 0.9743 0.9236 416.17 1.5 MeV, 160¡
0.25 157.8 158.6 158.26 162.4 0.9745 0.9241 416.42 1.5 MeV, 160¡
0.5 165.2 166 165.73 169.9 0.9755 0.9255 417.03 1.5 MeV, 160¡
0.99 179.6 180.5 180.49 184.6 0.9777 0.9301 419.12 1.5 MeV, 160¡
0.25 156.8 157.5 157.2 161.2 0.9752 0.9241 416.42 1.55 MeV, 160¡
0.25 166.1 166.8 166.5 170.4 0.9771 0.9270 417.69 1.5 MeV, 150¡

is the average value from the As signal.aC
Av

Ga
1Éx

compared with a calculated spectrum for that composi-
tion, above and below the Ge edge. If the shape of the
calculated spectrum is correct, then this ratio will be
unity. It is found to be 1.0023 ^ 0.0016, and we there-
fore estimate that “shapeÏ errors are likely to change this
value by D0.25%.

If the scattering angle were 150¡ instead of 160¡, the
stopping cross-section ratio would change by 0.25%. If
the energy were 1550 keV instead of 1500 keV, the stop-
ping cross-section ratio would change by \0.1%. The
energy is actually known better than this so this e†ect is
negligible.

The error due to using the wrong average value of
channel number for the average GaAs (“GeÏ) edge is
given by the slope on the Ðtting quadratics. This is
D0.15% per channel for either position, i.e. 0.07%. If
the scattering angle were 150¡ instead of 160¡, the kine-
matic ratio would change the position of the “GeÏ signal
by just over one channel (see Table 2) (i.e. 0.15% error).
The kinematic factor is not a function of the beam
energy. These corrections could be applied iteratively
but are ignored here.

The di†erential scattering cross-section is a function
of both scattering angle and energy, but the cross-
section ratio is not a function of the beam energy and
although it is a weak function of scattering angle it is
not sensitive as these backscattering angles. If the scat-
tering angle were 150¡ instead of 160¡, the cross-section

ratio would change by \0.04%. The angle is known to
better precision than this so this potential error is negli-
gible.

Spectral distortion due to the presence of Ar can be
estimated by considering the energy loss of 2.1015 Ar
cm~2. eV/(1015 Ar/cm2) so the Ar implant[e]GeAr \ 135
will cause an energy loss of 270 eV over the ROI of 54
channels. This is an error of 0.2% if the Ar does not
di†use after implantation. We have neglected this e†ect.

RANDOM UNCERTAINTY (PRECISION)

The statistical error is dominated by the number of
counts in the In signal, and sufficient counts were col-
lected to reduce this error to \1% for all samples
except those with the lowest In content (see Table 5,
col4). The statistical error of the “GeÏ signal is D0.4%
for all samples, and the contribution of the statistical
error in the estimate of the In background to the “GeÏ
signal is given by the error on the In signal multiplied
by the ratio of the relative heights of the signals (Table
5, col4). In most cases this is negligible.

Pulse pile-up is the major component of spectral dis-
tortion. We believe that the LLD used in the ADC can
change relevant parts of the pile-up spectrum by
D10%, so the error is estimated at 10% of the value of

Table 4 Repeated measurements, pile-up and spectral shapea

1 2 3 4 5 6

Sep95

(no pile-up Normalization

correction) Sep95 Nov95 Pile-up ratio below

Sample x x x x
Nov

/x
Sep

correction Ge/Above Ge

219rs 0.1858 0.1831 0.1833 1.0011 1.0147 1.0011

223rs 0.0222 0.0197 0.0203 1.0305 1.1269 1.0047

225rs 0.0881 0.0864 0.0838 0.9699 1.0197 1.0030

226rs 0.0885 0.0822 0.0798 0.9708 1.0766 1.0030

227rs 0.0563 0.0514 0.0509 0.9903 1.0953 1.0030

228rs 0.2485 0.2449 0.2506 1.0233 1.0147 0.9999

229rs 0.0773 0.0723 0.0725 1.0028 1.0692 1.0039

230rs 0.1143 0.1105 0.1083 0.9801 1.0344 1.0022

231rs 0.0681 0.0641 0.0650 1.0140 1.0624 1.0026

232rs 0.1766 0.1746 0.1766 1.0115 1.0115 1.0009

a Col4 ¼col3/col2, col5 ¼col1/col2 and column 6 comes from comparison of the
signal with calculated spectra above and below the Ge edge.

( 1997 by John Wiley & Sons, Ltd. SURFACE AND INTERFACE ANALYSIS, VOL. 25, 254È260 (1997)
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Table 5. Error analysisa

1 2 3 4 5 6

Probable Statistical Statistical Actual

error due error in error in Total variation from

to pile-up In signal Ge signal error Table 4

Sample x (%) (%) (%) (%) (%)

223 0.02 1.3 1.5 0.03 2.1 3.1

231 0.07 0.6 0.8 0.06 1.1 1.4

229 0.07 0.7 0.8 0.06 1.1 0.3

226 0.08 0.8 0.8 0.07 1.2 É2.9

225 0.09 0.2 0.7 0.07 0.9 É3

230 0.11 0.4 0.6 0.07 0.9 É2

232 0.17 0.1 0.5 0.09 0.7 1.2

219 0.18 0.2 0.5 0.09 0.7 0.1

228 0.25 0.2 0.4 0.1 0.6 2.3

a Column 4 is col3 ÃR /(1 ½R). Total error (col5) is the sum in
quadrature of cols2–4 and includes 0.2% shape error and a 0.4%
statistical error on the total signal at the Ge edge.

the calculated pile-up correction. This is much larger
than the 5% statistical error in the normalization value
w (Table 2, col7) ; see Table 4, col5 and Table 5, col2.

The other measurable element of spectral distortion
giving an apparently random error in the composition
determination is the random element of 0.2% in the
apparent spectral shape (see above). This may well be
equivalent to numerical rounding errors.

Multiple scattering begins to signiÐcantly distort the
spectrum only quite deep in the sample. In Fig. 1 the
calculated spectrum matches the data right down to
channel number 230. Therefore, near the surface this
e†ect is negligible.

Independent measurements on two dates were made
of a subset of the samples, with x values shown in Table
4. The third column shows the ratio between the two
sets of values, with the average ratio being
1.0004^ 0.0223. The actual variation in the two sets of
data is compared with the estimated total error in Table
5. On regressing the actual variation on estimated error,
there was no signiÐcant departure (at the 5% signiÐ-
cance level) from the hypothesis that the intercept and
slope were 0 and 1, respectively. Further, the hypothesis
that the median of the ratios of actual variation to esti-
mated error was 1 could not be rejected (at the 5% sig-

niÐcance level) on the basis of a Wilcoxon signed rank
test performed on the logged ratios. However, these sta-
tistical tests are not very powerful since there are rela-
tively few observations. For example, for a data set of
their size there would be a D67% probability of cor-
rectly rejecting the null hypothesis if in fact the true
median of the ratios was 2.

CONCLUSION

thin Ðlms with compositions varyingIn
x
Ga1~x

As
between 0.02\ x \ 0.4 have been analysed and values
of x obtained with an estimated precision of better than
1% for values [0.05. The observed precision is D2%
for a set of nine repeated measurements. This observed
error is not inconsistent (at the 5% signiÐcance level)
with the estimated error, but the statistical tests are not
very discriminating for this small sample set.

This level of precision is available if the sample crys-
tallinity has been destroyed by implantation, and the
measurement is restricted to the near-surface layer of
thickness of D250 nm.

It has been demonstrated that the precision of the
method depends equally on statistics and the quality of
the pulse pile-up correction applied. Precision can be
signiÐcantly improved only if both contributions are
improved together.

The best absolute accuracy obtainable is probably
dominated by the accuracy with which the shape of the
stopping cross-section curves is known, estimated at
D0.25%. Of course, the accuracy of any real measure-
ment cannot exceed its precision.

The method is absolute, needing no critical standards
of any kind.
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