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done by a variety of methods, some of which are destructive (such as SIMS, RBS, TEM, etc.), and other techniques which are nondestructive and mainly optical in
nature. In the last case reflectance and transmittance
measurements in the ultraviolet, visible and infrared regions of the spectrum are employed. For a given substrate
the damage is known to be a function of the implant
parameters such as dose, dose-rate, energy and ion species.
The changes in the optical parameters are also functions
of the substrate conditions during the implant. Temperature, tilt angle, beam scan rate, as well as cqstallographic
orientation, the original resistivity and the intrinsic defect
type and density come to mind. The disorder which gives
rise to the optical changes occurs in a region located at or
below the substrate surface, leaving the bulk of the substrate unchanged. With knowledge of the pre-implanted
optical properties, the changes occurring in the properties
of the superficial layers can be separated, yielding information regarding the nature and extent of the damage in
the implanted substrate.
In this work the optical reflectivity, R, of the substrate
at a fixed wavelength, is used to characterize the changes
which take place in the substrate during implantation.
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As mentioned before, the determination of whether or
not amorphization and/or annealing have occurred, is of
importance in many device fabrication procedures. In the
literature, methods used to determine the optical reflectivity include using a tungsten lamp [19], double beam
spectrometer [20], laser [21], and techniques such as spec-
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troscopic ellipsometry [131, differential reflectance spectroscopy [ll], [131 and Raman scattering [14]. A disadvantage of many of these techniques is that the optical
reflectance measurements reported are performed after
the completion of the implant, and outside the target
chamber. Consequently, the information regarding the
time evolution of events occurring during the actual implant cycle of a particular sample, is lost. To obtain such
information, graphs (reflectivity (RI versus dose (D),
for
example) have to be constructed using several samples,
each implanted to a different dose and yielding only one
data point on the graph [21-[71. In addition to being time
consuming and expensive, inherent inaccuracies are
caused by the assumption that all the samples for that
graph were implanted under exactly the same conditions,
which is difficult to ensure. Data scattering and resolution
problems therefore arise, reducing the possibility to observe small changes for example. Other typical problems
related to the above, will also be discussed.
The technique to measure the changes in the optical
reflectivity presented here, overcomes the problems mentioned above and offers additional advantages. A computer controlled data acquisition system which is connected to the optical reflectometer provides facilities for
automatic calibration, adjustable data capture rate, data
storage, signal processing and graphics.
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Fig. 1. A general block diagram of the system.

the substrate reflectivity. The signal conditioning system
consists of three analog amplifier circuits which convert
the above currents to voltages which are then sent to the
data acquisition system. It also contains an analog filter
for smoothing the ion beam current signal. The output of
the signal conditioning system comprises three voltages:
V,, which represents the laser reference beam; Vb, the
changing reflected light; and V, which represents the ion
beam current signal. These voltages are transferred to the
SYSTEM
11. ZN SITU MEASURING
data capturing and signal processing system, indicated as
A schematic diagram of the computerized optical re- part 3. This system includes a data acquisition facility, a
flectivity measuring system is given in Fig. 1, and consists real-time signal processing unit, and data presentation
of three main parts. Part 1 contains the existing implanta- equipment for the output of graphs and printed data. A
tion apparatus. Parts 2 and 3 are modifications added to multiprogrammer is used for data acquisition and is conthe apparatus, namely an optical reflectometer (2) and a trolled by computer through an IEEE-488 interface bus.
data acquisition and signal processing system (3). A 350- The data acquisition system comprises an input channel
keV ion implanter was used. The end station is a stainless multiplexer which can be configured as either 16 singlesteel target chamber in which the substrates were mounted ended input or 8 differential input channels; and a 12-bit
on a rotating disk. However, due to a modification to be high speed A/D converter with four switch selectable
described later, the substrate was moved to a new cylindri- input ranges, namely f 100 mV, +_ 1 V; f 10 V and f 100
cal Faraday cup which is appended to the existing end V. The maximum conversion rate is 33 kHz. The real-time
station. The ion beam passes through the regular end signal processing includes digital filtering, integration (for
station through an opening and the implantation is per- dose calculations), adaptive sampling, and reflectivity calformed in the far end of the Faraday cup. The ion beam culations. The output data can be presented in either
current signal is relayed from the Faraday cup to the data tabular form (by a printer) or graphically. A graph of any
two parameters ( R versus D,for example) can be procapturing and signal conditioning system.
An optical reflectometer which was constructed for this duced during the implantation. Graphical presentation of
system contains the light source and optics which direct other relevant data can be obtained after the implant.
50% of a light beam via optical windows to and from the
substrate which is in vacuum in the Faraday cup. The A. The Optical System
intensity of the attenuated laser light reaching the subA general view of the optical system is shown in Fig.
strate is such that it does not induce changes in the 2(a). The picture shows a stainless steel Faraday cup (30
probed surface, making it a nondestructive measurement. cm long and 10 cm in diameter) which is attached to the
The other 50% of the light used in the measurement stays existing end station of the ion implantation apparatus,
unchanged, and serves as a reference for the calculation and a dark box to which a laser is connected. This box
of the reflectance by the computer, as will be shown later. contains the main optical and the related electronic comThe two beams are then sensed by two separate sensors. ponents. Details are shown schematically in Fig. 2(b). It
The photocurrents produced are transferred to the signal should be noted that Fig. 2(a) presents a side view, while
conditioner. The intensity of the reflected beam changes the drawing of Fig. 2(b) presents a top view (except for the
continuously during the implantation due to changes in infrared (IR) temperature measurement tube which is
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(b)

Fig. 2. In-situ optical reflectivity measurement system. a) Side view. b) A detailed top view drawing.

located at the top and not at the side as can be seen from
Fig. 2(a)). ' h o mirrors, K , and K3, are positioned at the
appropriate angles and distances from the new position of
the substrate holder in order to achieve near-normal
incidence to the substrate surface by the probing laser
beam. The substrate is tiled 7" with respect to the ion
beam to minimize channeling effects, and the angle of
incidence of the laser beam is less than 5" with respect to
the surface normal. The incident and reflected laser beams
pass in and out of the Faraday cup via optical windows K2
and K4, respectively. The average ion beam density arriving at the substrate is determined by the beam current, I ,
and the aperture with area A, which is formed in a
Si-coated aluminum disc. The RF-sputtered silicon coating (thickness approximately 0.5 pm) is necessary to ensure that no aluminum atoms will arrive to the substrate.
This disc is located at the entrance to the Faraday cup
which is connected to a vacuum tight insulating nylon
flange. The insulation of the Faraday cup from the existing end station enables the measurement of the ion beam
current arriving at the new substrate position. Since the
Al substrate holder is connected directly to the Faraday
cup, the ion beam current signal is obtained from the
Faraday cup. This signal is connected to a transimpedance

amplifier (3) which converts it to a voltage signal, V,. Since
the ion beam scans the substrate surface, a low pass filter
is required at the amplifier output to smooth the signal. V ,
then connects to an A/D converter. To obtain the dose
value, the sampled voltage signal is integrated. The details
of calibration and computer software will be given later
on. Secondary electrons are suppressed to minimize errors
in the ion beam current signal and hence in the dose
measurements. This is done by means of a circular conductive disc of aluminum located in the nylon insulating
coupling and which is connected to a negative potential.
The size and the distance of the disc from the substrate
are such that low energy electrons emitted from the
substrate surface are repelled. Finally, two temperature
measuring facilities are provided to enable quantitative
high temperature implantation experiments. The first is a
direct measurement by means of a thermocouple (not
shown) at a point on the interface between the sample
and the substrate holder. The second is a noncontact
temperature measurement by means of a radiation thermometer which senses the infrared radiation emitted from
the substrate surface. The electrical output of this instrument is linear with temperature. The instrument readout
is corrected for both emittance and viewing angle. The
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radiation is sensed via a sapphire window which is transparent in the infrared wavelength range used by the
pyrometer. Both these temperature readings are transferred to the A/D converter to enable control of the
substrate temperature by a closed-loop system.
The second main part of the in situ optical reflectivity
measurement system consists of a closed dark box which
includes the aperture for the laser beam, other optical
components, photodiodes and amplifiers. The light source
used is a He-Ne laser with a wavelength A = 632.8 nm.
The nominal beam diameter at the l/e2 points is 0.88
mm. The beam divergence is 1 mrad. The nominal power
output is 0.4-0.76 mW and the actual measured output is
0.6 mW. The beam is attenuated by a neutral density filter
at the laser output ( K , ) located close to the output
shutter of the laser. In addition, attenuators K , and K7
were attached to the front surfaces of photodiodes D ,
and D,.These diodes are Schottky barrier silicon photodiodes. The attenuation was adjusted to prevent saturation of the transimpedance amplifiers at the outputs of
the Dhotodiodes. Each of the detectors are covered except
for small aperture such that the laser beam will reach
the same point on the photodiode surface, to ensure the
same measurement conditions for all the samples. The
above coverage also reduces stray radiation from reaching
the diode surface. For the wavelength of the He-Ne laser
the nominal responsivity is 0.27 pA/pW which is in the
flat region of the spectral response. With the above conditions, a linear relationship exists over a wide range between the output photocurrent and the incident beam
power. The output photocurrents of the diodes are delivered to the input of transimpedance amplifiers 1 and 2
which convert the output currents to voltage signals Vu
and Vb, respectively. Their amplification is different to
ensure comparable output voltage levels because the light
intensity teaching D, is lower than that for D ,as a result
of the losses due to the substrate reflectivity and the
larger number of components in the optical path. The
amplifiers are identical except for a feedback resistor in
the second stage. It serves to adjust the required calibration values of voltages V, and V,. K,, K,, and K , are
multilayered dielectric mirrors. They were specially fabricated for this system and are optimized for high reflectivity at 632.8 nm. K , is a 3 dB beam splitter which is also
optimized for 632.8 nm.
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voltage generated by internal noise, amplifier offset voltage, and by stray radiation reaching the diodes from
within the dark box system. These offsets should be determined for a particular system configuration. It is easily
measured during initialization before each measurement
cycle.
Since the reflectivity is proportional to the ratio of Vb
to Vu,it implies that a proportionality constant K , which
represents the attenuation through the system, should be
defined and its value determined before each measurement cycle. By using the ratio of V b to V,, errors which
might occur due to changes in the laser output power, P ,
are eliminated to a large extent. In the case of drift in the
laser power, the incident and reflected light will change in
the same proportion, and by taking the ratio its influence
is reduced. Vu and V, are given by
Vu = PK,T,K,A,

+ V , = B,P + V,

(1)

Vb = [P(K9RsK,K,)I[R(K,K,K5K7)IA,
+ V2
=

B,RP

+ V,.

(2)

The first term in square brackets of (2) represents the
beam intensity reaching the sample, while the second
term in square brackets denotes the beam intensity reflected from the sample. The K’s, T’s, and A’s represent
the attenuation by each of the components in the optical
path. A , and A , included the responsivity of the photodiodes, as well as the transimpedance gain of the amplifiers.
By using (1) and (2) the reflectivity can be expressed as

In (31, i indicates the parameter which changes during
implantation; therefore R ( i ) is the reflectivity as a function of the implantation parameter under investigation
(e.g., dose, substrate temperature, etc.). In (3) only V b iS a
variable which is related to the implant. It is also noted
that P , the laser output power, is cancelled in (3). Therefore, if the offset voltages V , and V, were zero, the
reflectivity would be directly proportional to the ratio
Vb/Vu. By having little stray light, it is ensured that
V, << Vu and V, -=zVb.The final calibration step is the
determination of the system proportionality constant, K .
According to (3), K = B,/B,. (1) and (2) show that B ,
and B, are system constants which depend on the attenuB. Calibration and Initialization
ation by the optical components of the system and the
The output voltages V , and Vb of amplifiers 1 and 2, amplifier gain. A sample of known reflectivity, say R,, is
respectively, are proportional to the light intensities placed in the system and the voltages V,, Vb, V, and V,
reaching the diode surfaces. The ratio of these voltages is measured. The constant K is then calculated from (3):
proportional to the fraction of the laser output light in the
direct path through the beam splitter (T,), and the light
(4)
reflected from the substrate and attenuated by the various
optical components indicated in Fig. 2(b), respectively. In
addition, the output voltages, V, and V,, include offset where the zero subscripts indicate the voltage values
components V, and V,, respectively, which represent the obtained for a reference sample with known reflectivity,
amplifier output signals when the laser beam is blocked which is typically that of an unimplanted sample. The
off by the shutter. V, and V, therefore represent the value of K obtained by applying (4), remains the constant
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for the same sample under various implantation conditions.
V , and Vb provide information relevant to the optics of
the system to the computer. A third voltage, V,, which
represents the ion beam current signal is used to calculate
the implanted dose rate. This voltage is obtained by an
analog current-to-voltage converter with
1

reaching a unit area of the substrate
1
D["'
J = -[Zdt.

4A

(7)

In our case the integration is done by computer, and I
is proportional to V,. It follows from (5) and using the
trapezoidal approximation of integration, that the dose at
sampling point n, is given by

I

v, = -zS + V,
where v
3 is an offset voltage Produced at the output of
This expression for dose may be written in a form which
the converter for zero beam current. s is the voltage-to- can be computed iteratively, namely
current conversion factor measured in A / V . The value of
S
S is determined experimentally by measuring V , and V3 D ( ~=) D ( -~ 1) + - [ v , ( ~ )
+ v,(n + 1) - 2v3]
2qA
for a known beam current Io on a dummy wafer. It
- [ t ( n+ 1) - t ( n ) l ; n = 1,2,*.*,
N (9)
follows from (5) that:
where

where V,, and V,, denote voltages obtained for a beam
current Io. This value of S is then used throughout the
measuring cycle.
To summarize, calibration and initialization of the system imply the experimental determination of the offset
voltages VI, V,, V,, and the constants K and S.The offset
voltages are determined by blocking the incident and
reflected laser beams from reaching D , and D , and
stopping the ion beam current from reaching the substrate, respectively.
After initialization, the measurands V,, V,,, and V , are
transferred to the data acquisition system where the data
is sampled at predetermined points in time. From this
data a graph of e.g., R versus D can be constructed using
(3) and (5). By keeping all the implant conditions constant, R versus D measurements (or versus any other
parameter) can be obtained with a predetermined number
of sampling points per decade of dose. Practically, this
means that the time interval between each set of the
above data is adjusted automatically to distribute the data
points evenly within each decade. For example, the same
number of data points are allocated to the dose range of
1014-1015cm-' and 1015-10'6 cm-', respectively. In our
system the total number of sampling points, N , was 2048.
The system is also self-adaptive, i.e., the system has a time
dependent sampling rate which is inversely proportional
to the actual calculated dose at the instant of sampling.
When, for example, for some unexpected reason the ion
beam current changes during the implant, the sampling
rate is adjusted to keep the number of data points sampled per decade of dose, constant. The maximum sampling rate is limited by the conversion speed of the A / D
converter, and the maximum number of available data
points, N, is limited by the available memory of the
computer system.
The implanted dose per unit area, D, is calculated by
integrating the number of ions camed by the beam and

Software controls the initialization and calibration of
the reflectometer as well as the sequencing of the data
acquisition and the final data processing and presentation.
A flow diagram of the program is shown schematically in
Fig. 3. For the initialization procedure the implant energy,
aperture, reflectivity of a reference sample, the beam
current, the maximum dose required, and the maximum
number of data points to be acquired, are used as inputs.
The system calibration is performed as described previously. System constants, namely the beam current factor,
S, and the reflectance factor, K, are calculated from the
data acquired during the initialization procedure. These
values are saved on magnetic media for future reference.
After completion of the setup procedure, data capturing can be started. This is done by triggering the multiplexer and the A/D converter at intervals predetermined
by the maximum dose required, the ion beam current and
the maximum number of data points to be sampled. The
sampled analog values are then converted to digital numbers and saved in the form of a matrix. The time interval
between two subsequent sets of measurements is calculated to space the available data points equally on a
logarithmic time scale proportional to the implanted dose.
This time interval is also changed automatically to compensate for a change in the ion beam current. Data
capturing is ended when the maximum preset dose is
reached or when the maximum allowed number of data
points has been captured. From the four acquired sets of
data V,(n), Vbh), K(n), and time t(n), n = 1, 2,.-,N,
together with the system constants and other values measured during the initialization procedure, the dose versus
reflectivity curve is calculated. After completion of the
implant, the sets of data are saved.

111. EXAMPLES
Some experimental examples are now presented to
demonstrate the type and quality of the output informa-
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sample yields one data point on the graph. Fig. 4(b) shows
a similar, but continuous graph obtained using only one
sample. The differences are clear and relate to the advantages cited in the introduction. We want, however, to
emphasize two points here. The first concerns the most
important part of the graphs, namely the region were a
steep change in R occurs within a small change in the
implanted dose. Constructing this region on the graph in
Fig. 4(a) proved to be difficult, because it is hard to
distribute the data points evenly in such a small dose
range if one has no a priori knowledge of where it will
occur. As a result many data points of this region in Fig.
4(a) are located at the higher reflectivity part of the
region leaving the lower part practically empty. The second point concerns the fine detail on the curve of Fig. 4(a)
which is hardly observed. These shortcomings are overcome in Fig. 4(b). As a result, interference patterns,
slopes, maxima, minima and points of inflection can be
determined to give information about the implant process.
Figs. 5 and 6 show results obtained by the automated
system for the implantation of N, and Ar ions, respectively. Apart from typical R versus D curves presented
for each case, the two figures given in part (c) of each
graph, depict the ion beam current as a function of dose.
Fig. 5(c) represents a fairly stable ion beam current and
Fig. 6(c) represents a fairly unstable ion beam current.
The point to be made here is that once the changes in the
ion beam current are known in conjunction with the
changes in reflectivity, one can investigate the effects, as a
case history. Fig. 5(b) and 6(b) present the voltage signals
which represent the light intensities of the reference and
reflected beams as a function of time. The ratio of the
above signals (corrected for the offset voltages) yields the
reflectivity. Again, it is observed that the intensity of the
reference beam is not constant due to statistical variations, but since a single light source is used, coherent
statistical deviations occur in the reflected beam which
are superimposed on the changes occurring as a result of
the changes in the material, the ratio of V, to V, will
drastically reduce the noise. Subsequent digital filtering of
the reflectance curve may reduce the noise even further.
Fig. 7 demonstrates other possibilities of measured data
presentation i.e. of ion beam current 7(a) and implanted
dose 7(b) as a function of implantation time.
Finally, it should be noted that the above examples
relate the reflectivity to the implanted dose either directly
( R versus D graphs) or indirectly, as shown. Reflectivity,
however, can be related in a similar way to other parameters such as ion beam energy, substrate temperature, etc,
to obtain other desired trends. Other possible potential
applications are listed below.
IV. OTHERAPPLICATIONS

tion generated. Fig. 4(a) presents the R versus D graph
obtained by using the multiple sample approach of constructing curves by using several samples (27 in this case)
each implanted to a different dose and with the reflectivity measured outside the target chamber. As a result, each

The advantages of the in situ measuring system are
mainly concerned with monitoring the reflectivity changes
by data acquisition and signal processing. The system
capabilities, however, can be expanded to include other
applications which could advance both research and man-
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ufacturing. Some of these applications are mentioned
briefly below.
A. Process Control: Since the implantation process parameters are monitored continuously, the information is
obtained in a real-time fashion. The signals received from
both the changes in R and the simultaneously monitored
changes in the implantation conditions, such as dose,
energy, ion beam current and uniformity, can be used to
control the process parameters as the implant progresses.
This can be done by closing feedback loops to obtain
desired online adjustments, which either stabilize the implantation conditions to constant values or change them
according to some predesigned programs. An important
feature of such an in situ monitoring system, is the possibility of optical scanning of the substrate during implantation, to determine whether or not some lateral inhomogeneities of reflectivity exists which will indicate uneven
lateral implantation. Such on-line real-time information
can be used to guide the implantation system by adjusting,
for example, the ion optics to yield homogeneously im-
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Fig. 6. Ar+ implantation (150 keV). a) Continuous R versus D graph.
b) Processed signals of the reference and reflected beam intensities, as a
function of implantation time. c) Beam current as a function of implanted dose.

planted surfaces, or if needed, to deliberately produce
inhomogeneous implants in selected areas. This type of
control could result in more accurate and repeatable
results.
B. In situ detection of abnormalities: Quality control can
be introduced by in situ monitoring of the reflectivity to
detect any s i m c a n t unexpected changes which extend
beyond the limits of the predetermined parameter spread.
These abnormalities could occur as a result of, e.g., high
lateral temperature gradients caused by uneven heating of
the substrate by the ion beam. With in situ monitoring of
the process parameters and the reflectivity, the implant
can be terminated prematurely should something go
wrong. This is in contrast to the er situ methods, by which
one can detect abnormalities only after the entire process
has been completed.
C. Data Base: The data acquired during the implant is
saved on magnetic media. A data base with such informa-
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v . SUMMARY
The system performance advantages and applications of
the continuous in situ monitoring of the optical reflectivity
are of significant practical importance. This could be
achieved for a relatively small investment. As a result it
constitutes a powerful analytical and diagnostic tool which
provides reliable, consistent and reproducible means for
the evaluation of the structural changes which take place
within the implanted substrate while it is actually occurring.
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Fig. 7. Ar+ implantation (50 keV). (a) Ion beam current vs implantation time. (b) Implanted dose vs implantation time.

tion can be used for repeating, analyzing and improving
the process. The data can be processed and important
critical points on the graph such as maxima, minima,
points of inflection, slopes, rates, etc., can be computed.
This information could be used to explain physical changes
occurring in the implanted materials. A case history of
each individual implanted substrate would then be available if needed. Any desired part of the R versus any
implantation parameter graphs could be expanded and
zoomed in to for a detailed study.
D.Mapping: Since the optical scanning is in principle in
situ, spatial and time dependend mapping of the surface
reflectivity could be obtained. This information could be
used to determine the uniformity of the implant over the
surface of the substrate.
E. In-Situ Annealing: The optical system enables one to
monitor in situ annealing as well. In the case of annealing,
reordering of the atoms in the damaged layer created
within the substrate during implantation, affects new
changes of the reflectivity. As the annealing progresses
the reflectivity is reduced towards its original unimplanted
value. The in situ probe would then serve as an end-point
detector. The advantage of performing the anneal process
within the implantation chamber is that it is performed in
a clean high vacuum environment, minimizing the penetration of undesirable contamination, and the formation
of oxide layers as is the case when annealing in atmospheric pressure systems. The possibility for rapid thermal
annealing exists as well, since the flashes of the annealing
light source can be continued until the in situ reflectivity
monitor indicates the appropriate value of reflectivity [l].
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