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Temperature-Adjusted Spectrometer

TECHNICAL FIELD

This invention relates to an analytical technique of a deposited material.

BACKGROUND
Raman spectroscopy is commonly used in chemistry, since vibrational infbrmation is
specific to the éhemical bonds and symmetry of molecules. Therefore, it can provide a
fingerprint by which the molecule can be identified. In solid state physics, spontaneous
Raman spectroscopy can be used to characterize materials and find the crystallographic

orientation of a sample.

DESCRIPTION OF DRAWINGS
FIG. 1 is a diagram illustrating Raman scattering.
FIG. 2 is a diagram illustrating a temperature-adjusted spectrometer.
FIG. 3 is a diagram illustrating a component of a temperature-adjusted spectrometer.
FIG. 4 is a flow chart illustrating an operation process of a temperature-adjusted

spectrometer.

DETAILED DESCRIPTION
Photovoltaic devices can include multiple layers formed on a substrate (or

superstrate). Copper indium gallium selenide (CIGS) based photovoltaic devices can be

~ made from high temperature vacuum processes, such as co-evaporation, reaction of stacked

elemental layers, or selenization of metal precursors. For example, a photovoltaic device can
include a transparent conductive oxide (TCO) layer, a buffer layer, a semiconductor layer,
and a conductive layer formed adjacent to a substrate. The semiconductor layer can include a
semiconductor window layer and a semiconductor absorber layer, which can absorb photons.
The semiconductor absorber layer can include CIGS. Each layer in a photovoltaic device can
be created (e.g., formed or deposited) by any suitable process and can cover all or a portion

of the device and/or all or a portion of the layer or substrate underlying the layer. For
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example, a “layer” can mean any amount of any material that contacts all or a portion of a
surface.

Scattering spectroscopy is a light scattering technique, and can be simplified as a
process where a photon of light interacts with a sample to produce scattered radiation of
different wavelengths. One example of scattering spectroscopy is Raman spectroscopy.
Raman spectroscopy can be useful for chemical identification, characterization of molecular
structures, effects of bonding, environment and stress on a sample. However, Raman spectra
can change with temperature of the sample so that it can be difficult to identify chemical
bonds and composition in a temperature-varying environment. A temperature-adjusted
spectrometer and related method are developed for the Raman spectroscopy application on
sample surfaces when the temperature of the sample is not constant.

In one aspect, a temperature-adjusted spectrometer for monitoring a deposition
process on a substrate can include a light source for generating a light to illuminate a sample
area of a substrate, a spectral analyzer for analyzing the scattered radiation to obtain a
spectrum of the sample area of the substrate, a temperature sensor, and a first lens optically
connected to the temperature sensor. Thermal radiation can radiate from the sample area of
the substrate through the lens to the temperature sensor. The temperature sensor can measure
the temperature of the sample area of the substrate. The light can be reflected from the
sample area. The reflected light can include a scattered radiation.

The spectrometer can include a calibration module for analyzing the spectrum with
the measured temperature to provide a calibration table for temperature-based adjustment to
the spectrum. The calibration module can be configured to generate a temperature-adjusted
spectrum. The sample area of the substrate can include a film deposited on the substrate.
The spectral analyzer can be configured to obtain the chemical composition of the deposited
film on the substrate by analyzing the spectrum. The spectrcmeter can include a shutter for
blocking the light during the temperature measurement to avoid the influence of the light on
the temperature measurement. The spectrometer can include a shutter for blocking the
temperature sensor during analyzing the scattered radiation to avoid the interference with the
scattered radiation measurement.

The spectrometer can include a second lens for optically focusing the light to the
sample area of the substrate. The spectrometer can include a waveguide structure for

coupling the light to the sample area of the substrate. The temperature sensor can include an
2
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infrared detector having a wavelength measurement range about 1 to about 100 micron, for
example, about 1 to about 50 micron, about 1 td about 20 micron, about 1 to about 5 micron,
about 3 to about 8 micron, or about 7 to about 18 micron. The light source can include a
laser diode. The spectral analyzer can be configured to collect the Scattered radiation from
the sample area of the substrate. The spectral analyzer can include input channel optics for
collecting the scattered radiation from the sample area of the substrate. The input channel
optics can include optic fibers. The input channel optics can include a filter positioned
before the spectral anaﬂyzer for filtering out the ambient light before being detected by the
spectral analyzer.

The first lens can be optically connected to the sensor with an optic fiber cable. The
substrate can be transported on a conveyor. The temperature-adjusted spectrometer can
include a measurement data storage module for analysis. The temperature-adjusted
spectrometer can include a measurement data processing module for real time diagnosis. The
scattered radiation can include Raman-scattered radiation and the spectrum can be a Raman
spectrum.

In another aspect, a method of obtaining a temperature-adjusted spectrum from a
sample area of the substrate can include generating a light to illuminate a sample area of a
substrate by a light source. The light can be reflected from the sample area. The reflected
light can include a scattered radiation. The method can include analyzing the scattered
radiation by a spectral analyzer to obtain a spectrum of the sample area of the substrate,
directing thermal radiation from material deposited on the substrate to a temperature sensor
through a first lens, and measuring temperature of material deposited on the substrate from
the thermal radiation by the temperature sensor.

The method can include analyzing the spectrum with the measured temperature by a
calibration module to provide a calibration table for temperature-based adjustment to the
spectrum. The calibration module can be configured to generate a temperature-adjusted
spectrum. The sample area of the substrate can include a film deposited on the substrate.
The spectral analyzer can be configured to obtain the chemical composition of the deposited
film on the substrate by analyzing the spectrum.

The method can include blocking the light during the temperature measurement to
avoid the influence of the light on the temperature measurement. The method can include

blocking the temperature sensor during analyzing the scattered radiation to avoid the
3
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interference with the scattered radiation measurement. The method can include optically

focusing the light to the sample area of the substrate by a second lens.

The method can include coupling the light to the sample area of the substrate by a
waveguide structure. The temperature sensor can include an infrared detector having a
wavelength measurement range about 500 to about 2000 nm. The light source can include a
laser diode. The spectral analyzer can be configured to collect the scattered radiation from
the sample area of the substrate. The spectral analyzer can include input channel optics for
collecting the scattered radiation from the sample area of the substrate. The input channel
optics can include optic fibers. The input channel optics can include a filter positioned
before the spectral analyzer for filtering out the ambient light before being detected by the
spectral analyzer. The first lens can be optically connected to the temperature sensor with an
optic fiber cable.

The method can include transporting the substrate on a conveyor. The method can
further include storing the temperature-adjusted spectrum measurement data in a
measurement data storage module for analysis. The method can further include real time
diagnosing the temperature-adjusted spectrum by measurement data processing module. The
step of directing thermal radiation from a material deposited on the substrate comprises
directing thermal radiation from material deposited in the sample area on the substrate. The
step of directing thermal radiation from a material deposited on the substrate comprises
directing thermal radiation from material deposited outside the sample area. The method can

include interpolating a material temperature of material in the sample area from the

temperature of the material outside the sample area, after the step of measuring the

temperature of the material depoéited on the substrate.

In another aspect, a method of manufacturing a photovoltaic device can include
forming a film on a substrate and generating light to illuminate a sample area of the film on
the substrate by a light source. The light is reflected from the sample area and the reflected
light can include a scattered radiation. The method can include analyzing the scattered
radiation by a spectral analyzer to obtain a spectrum of the sample area of the substrate. The
method can include analyzing thermal radiation from the sample area of the substrate by a
temperature sensor to obtain the temperature of the sample area of the substrate. The method
can include analyzing the spectrum with the measured temperature by a calibration module to

provide a temperature-adjusted spectrum, and monitor the film’s composition based a
4 .
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temperature-adjusted spectrum from the sample area of the substrate. The film on the
substrate can include a copper indium gallium selenide. The method can include transporting
the éubstrate on a conveyor.

In another aspect, a photovoltaic device includes a substrate and an analyzed _
photovoltaic absorber material adjacent to the substrate. The photovoltaic absorber material
can be analyzed by illuminating a sample area including the photovoltaic absorber material
with a light source. The light reflected from the sample area can include scattered radiation
that can be directed toward a spectral analyzer to obtain a spectrum of the photovoltaic
absorber material at the sample area. The spectrum can be compared to the temperature at
the sample area.

In another aspect, a system for obtaining a temperature-adjusted spectrum from a
material on a substrate in a manufacturing process can include a substrate process chamber
and a light source configured to direct light along a light path through a first lens toward a
substrate position in the process chamber. The system can include a spectral analyzer
configured to receive light scattered from a material sample in a sample area on a substrate
located at the substrate position in the process chamber. The system can include a
temperature measurement device configured to measure the temperature of a material sample
on a substrate located at the substrate position in the process chamber.

The system can include a substrate positioned at the substrate position in the process
chamber. The can include a material deposited-on the surface of the substrate. The material
can include a semiconductor material. The semiconductor material can include copper
indium gallium (di)selenide. The semiconductor material can include cadmium telluride.
The system can include a computer configured to analyze the spectrum based on the
measured temperature and providing a calibration table for temperature-based adjustment to
the spectrum. The system can include a shutter configured to block the light from the light
source during the temperature measurement to avoid the influence of the light on the
temperature measurement.

The system can include a water vapor measurement device configured to measure the

-water vapor concentration inside the process chamber. The system can include an oxygen

measurement device configured to measure the oxygen concentration inside the process
chamber. The system can include a computer configured to correct spectral data obtained

from the material, wherein the correction is based on one or more of material temperature,
-5
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oxygen concentration inside the process chamber or water concentration inside the process
chamber. The system can include a conveyor configured to position the substrate at the
substrate position in the process chamber.

The proceés chamber interior can have a temperature of between about 25 degrees C
and about 400 degrees C. The process chamber interior can have a temperature of between
ébout 25 degrees C and about 300 degrees C. The process chamber interior can have a
temperature of between about 25 degrees C and about 200 degrees C. The process chamber
can be connected to an inert gas source capable of creating an inert gas ambient within the
process chamber. The gas source can include an inert gas selected from the group consisting
of nitrogen and argon.

Referring to Fig. 1, in Raman spectroscopy, a light beam of known frequency vy, for
example from a laser, impinges on the sample surface. The scattered light may gain or loss
vibration energies from the surface molecules (Raman scattering). If wyip is the frequency of
the surface vibration, the Raman scattered light will have two components: vo — yip (Stokes
line) and vp + vyip (anti-Stokes line). Therefore, by using a light spectrometer, one can
measure the shift (Raman shift) from the incident frequency vp from which one can determine
the frequency of the surface vibration vyi». A deviation in values of the surface vibration
frequencies from the standard valués can reflect a change in chemical bonding due to
structural or compositional variations.

Since vibrational information is specific to the chemical bonds and symmetry of
molecules, it can provide a fingerprint by which the molecule can be identified. In solid state
physics, spontaneous Raman spectroscopy is used to characterize materials and find the
crystallographic orientation of a sample.

For example, an application can be using Raman spectroscopy to monitor the

. composition of CIGS film surfaces during the procession of copper indium gallium selenide

(CIGS) photovoltaic films. The v, of the A1 vibration mode reflects the change in the Ga to
(Ga+In) ratio (GGI) on the surface of CIGS. The information depth is a function of
wavelength of the incident light. The Raman shift of the A1 line changes from ~ 175 cm” to
184 cm™ for CulnSe; (GGI = 0) to CuGaSe, (GGI = 1), i.e. a change of ~ 9 em™ for a 100%
change from In to Ga. Raman spectroscopy can also be used to identify the presence of

secondary phases such as Cu-selenide (Al mode at 260cm™).
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However, the vibration frequency vyi, can change with temperature of the sample.

For example, the position of the A1 peak shifts with temperature at a rate of approximately 1
cm’’ per 100°C. That is, a change in 10°C on the surface temperature would maska~1%
change in the In concentration. In normal practice, Raman spectroscopy can be applied to
off-line analysis of CIGS films where the film would be at a steady temperature — assuming
that no heating results from the dissipation of power of the incident light. For in-line analysis
for a CIGS process line, the substrate may not have enough time to attain a steady
temperature. A drift of the temperéture during Raman analysis or temperature
inhomogeneity between the analysis locations will cause erroneous determination of the
surface composition. In the case of CIGS, to obtain a 1% accuracy of the Indium
concentration, the temperature should be stable to ~ 10°C. Due to the low signal intensity
and limited incident power density, to avoid sample damage, Raman analysis usually takes
seconds to minutes. The time required to analysis a large photovoltaic panel may take many
minutes. During this time period the surface temperature may drift by many degrees.

The present invention proposes to overcome these temperature-related issues by
introducing temperature compensation. The procedure can be the following: 1) for a
compositional range of interest and a particular Raman setup, detefmine the rate of Raman
peak shift with sample temperature. This can provide a calibration table for temperature
correction on the Raman peak position; 2) measure the temperature of the sample location of
the Raman analysis; 3) from the calibration table, determine the peak shift that is needed to

compensate for the temperature of the sample area. In some embodiments, the procedure can

include one of the following sequences: measuring temperature immediate before acquisition

of the Raman spectrum; measuring temperature immediately after acquisition of the Raman
spectrum; measuring temperature both immediate before and after acquiring the Raman
spectrum; or measuring temperature during acquisition of the Raman spectrum.

Referring to Fig. 2, for an in-line deposition process, temperature-adjusted
spectrometer 100 can include light source 10 to generate light 12 to illuminate sample area
51 of substrate 50. Light 12 is reflected from sample area 51. Reflected light 23 can include
Raman scattered radiation. _ |

Temperature-adjusted spectrometer 100 can include spectral analyzer 20 to analyze
the Raman scattered radiation to obtain a Raman spectrum of sample area 51 of substrate 50.

Sample area 51 of substrate 50 can include a film or material deposited on substrate 50. The
7
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spectral analyzer can be configured to obtain the chemical composition of the deposited film
on substrate 50 by analyzing the Raman spectrum. Spectrai analyzer 20 can be configured to
collect the Raman scattered radiation from sample area 51 of substrate 50. Temperature-
adjusted spectrometer 100 can include input channel optics for collecting the Raman
scattered radiation. The input channel optics can include optic fibers. The input channel
optics can include lens 22. The input channel optics can include filter 21 positioned before
spectral analyzer 20 for filtering out the ambient light before being detected by spectral
analyzer 20. _

In some embodiments, temperature-adjusted spectrometer 100 can include a lens for
optically focusing light 12 onto sample area 51 of substrate 50. In some embodiments,
temperature-adjusted spectrometer 100 can include a waveguide structure for optically
focusing light 12 onto sample area 51 of substrate 50. In some embodiments, light source 10
can include a laser diode or any suitable light source with a suitable wavelength range.

Temperature-adjusted spectrometer 100 can further include sensor 30 and lens 33
optically connected to sensor 30 and proximate to sample area 51 of substrate 50. Thermal
radiation 34 radiates from sample area 51 of substrate 50 through lens 33 to sensor30.
Sensor 30 can measure the temperature of sample area 51 of substrate 50. Thermal radiation
34 can radiate from material deposited within sample area 51 of substrate 50. Thermal
radiation 34 can radiate from material deposited outside sample area 51 of substrate 50. Asa
result, the temperature of material deposited within sample area 51 can be interpolated from
the temperature of the material oﬁtside sample area S1. One or more sensors 30 can be used
to determine the temperature of material on substrate 50, within and adjacent to one or more
sample areas such as sample area 51.

In continuing reference to Fig. 2, lens 33 can be optically cdnnected to sensor 30 with
optic fiber cable 32. Filter 31 can be positioned before sensor 30. In some embodiments,
sensor 30 cah iniclude an infrared detector having a wavelength measurement range about 1
to about 100 micron; for example, about 1 to about 50 micron, about 1 to about 20 micron,
about 1 to about 5 micron, about 3 to about 8 micron, or about 7 to about 18 micron. Sensor
30 can include other suitable detector having a suitable wavelength measurement range.

Temperature-adjusted spectrometer 100 can include shutter 11 for blocking light 12
during the temperature measurement to avoid the influence of light 12 en the temperature

measurement. Shutter 11 can further include any suitable aperture to control light 12. In
8 .
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some embodiments, the temperature sensor can have its own light source. the light path of
the temperature sensor’s light source can have a shutter to block incident light during Raman
scattered radiation measurerﬁent.

Temperature-adjusted spectrometer 100 can include calibration module 40 for
analyzing the Raman spectrum with the measured temperature to provide a calibration table
for temperature correction on the Raman spectrﬁm. Calibration module 40 can be configured
to generate a temperature-adjusted Raman spectrum. |

Temperature-adjusted spectrometer 100 can have an in-line configuration to real time
monitoring thin film deposition process. As shown in Fig. 2, substrate 50 is transported on
conveyor 60.

In some embodiments, the present invention can use a non-contact temperature
measurement device, such as infrared pyrometer operating for example at 7-18 pm, to
measure the temperature of the sample surface. Non-contact temperature measurement
device can include any other suitable device, such as surface electrical impedance
temperature sensor. To avoid the influence of the laser beam on the temperature
measurement, the laser beam can be blocked by a shutter (11 in Fig.2) during the temperature
measurement. In addition, if the temperature drifts during the Raman measurement, the
temperature can be measured immediate before and immediately after the Raman analysis to
determine the average temperature during the Raman analysis. The temperature can also be
measured both immediate before and after acquiring the Raman spectrum. The temperature
can also be measured during acquisition of the Raman spectrum.

In continuing reference to Fig. 2, temperature-adjusted spectrometer 100 can be part
of a system, which can include a substrate process chamber configured to process a substrate
positioned therein, and to enclose one or more components of the system, for example, one or
more components shown in Fig. 2. The system can include substrate 50 including sample
area 51 within the process chamber. The process chamber can be a chamber in which
substrate 50 is processed during photovoltaic module manufacture. For example, material
can be deposited on substrate 50 inside the process chamber. As described above, material
can be deposited within sample area 51 of substrate 50. The system can include light source

10to génerate light 12 to illuminate material located at sample area 51 of substrate 50. Light
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12 is reflected from sample area 51. Reflected light 23 can include Raman scattered
radiation.

The system can include spectral analyzer 20 to analyze the Raman scattered radiation
to obtain a Raman spectrum of sample area 51 of substrate 50. Sample area 51 of substrate
50 can include a film or material deposited on substrate 50. The spectral analyzer can be
configured to obtain the chemical composition of the deposited film on substrate 50 by
analyzing the Raman spectram. Spectral analyzer 20 can be configured to collect the Raman
scattered radiation from sample area 51 of substrate 50. Temperature-adjusted spectrometer
100 can include input channel optics for collecting the Raman scattered radiation. The input
channel optics can include optic fibers. The input channel optics can include lens 22. The
input channel optics can include filter 21 positioned before spectral analyzer 20 for filtering
out the ambient light before being detected by spectral analyzer 20.

The system can include one or more temperature sensors 30 proximate to sample area
51 of substrate 50. Thermal radiation 34 radiates frorh sample area 51 of substrate 50
through lens 33 to sensor30. Sensor 30 can measure the temperature of sample area 51 of
substrate 50. Additionally, the system can include any other suitable measurement device
configured to measure a condition inside the process chamber, including a condition of
substrate 50. For example, the system can include a measurement device to measure
conditions that could negatively affect the module manufacturing process, such as conditions
that could lead to oxidation of components of the photovoltéic module, such as materials ’
being deposited on substrate 50. Therefore, the system can include a device such as a water
vapor measurement device-and/or an oxygen measurement device to measure the water and
oxygen contents of the process chamber, respectively.

In response to measurements taking from additional measurement devices such as the
water vapor measurement device or the oxygen measurement device, the process
environment within the process chamber can be controlled. For example, inert gas can be
introduced into the process chamber from an inert gas source, such as a source of nitrogen or
argon, or any other suitable environment. The environment can able be maintained at any
suitable temperature for photovoltaic module manufacture, such as a temperature above room
temperature (about 25 degrees C), which would make it desirable to temperature-adjust
spectrum data. For example, the temperature of process chamber environment can be

between about 25 degrees C and about 400 degrees C, between about 25 degrees C and about
10
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300 degrees C, between about 25 degrees C and about 200 degrees C, between about 25
degrees C and about 150 degrees C, between about 50 degrees C and about 200 degrees C,
between about 50 degrees C and about 150 degrees C, between about 75 degrees C and about
150 degrees C, or any other suitable temperature or range of temperatures. Substrate 50
ana/or material deposited on substrate 50 (for example within sample area 51) can have
substantially the same temperature or range of temperatures as the interior of the process
chamber.

Referring to Fig. 3, for rneasuring temperature by an infrared pyrometer, bandpass
filter 31 can be positioned in front of detector 30. Detector 30 can be an infrared photodiode.

Thermal radiation 34 coming out from sample area 51 of substrate 50 (Fig.2) will be

~ transported by optical fiber 32. The output can be collimated by small collimating lens 35

onto infrared photodiode 30.

Referring to Fig. 4, the process to operate a temperature-adjusted spectrometer can
include: 1) transporting substrate to a measuring position/station; 2) activating the optic
source; 3) operating the spectral analyzer; 4) measuring temperature of the sample area; 5)
determining the compensation peak shift based on a calibration table; and 6) obtaining the
temperature-adjusted Raman spectrum. In some embodiments, the process can include one
of the following sequences: measuring temperature immediate before acquisition of the
Raman spectrum; measuring temperature immediately after acquisition of the Raman
spectrum; measuring temperature both immediate before and after acquiring the Raman
spectrum; or measuring temperature during acquisition of the Raman spectrum.

A number of embodiments of the invention have been described. Nevertheless, it will
be understood that various modifications may be made without departing from the spirit and
scope of the invention. For example, although the invention is described in reference to
Raman spectroscopy, it can apply to any other s'uitabvle spectroscopy technique, such as any
suitable scatter spectroscopy technique. It should also be understood that the appended
drawings are not necessarily to scale, presenting a somewhat simplified representation of

various preferred features illustrative of the basic principles of the invention.
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WHAT IS CLAIMED IS:

1.

A temperature-adjusted spectrometer comprising:-

a light source for generating light to illuminate a sample area of a substrate,
wherein the light is reflected from the sample area, the reflected light comprising
a scattered radiation;

a spectral analyzer for analyzing the scattered radiation to obtain a spectrum of
the sample area of the substrate; |

a temperature sensor; and

a first lens optically connected to the temperature sensor, wherein thermal
radiation radiates from the sample area of the substrate through the lens to the

temperature sensor, the temperature sensor measuring the temperature of the

sample area of the substrate.

The spectrometer of claim 2, wherein the spectral analyzer is configured to obtain
the chemical composition of the deposited film on the substrate by analyzing the

spectrum.

The spectrometer of any of the preceding claims, further comprising a shutter for
blocking the light during the temperature measurement to avoid the influence of

the light on the temperature measurement.
The spectrometer of any of the preceding claims, further comprising a shutter for
blocking the temperature sensor during analyzing the scattered radiation to avoid

the interference with the scattered radiation measurement.

The spectrometer of any of the preceding claims, further comprising a second lens

for optically focusing the light to the sample area of the substrate.

The spectrometer of any of the preceding claims, further comprising a waveguide

structure for coupling the light to the sample area of the substrate.

12
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10.

11,

12.

13.

14.

The spectrometer of any of the preceding claims, wherein the temperature sensor
comprises an infrared detector having a wavelength measurement range of about

1 to about 100 micron.

The spectrometer of any of the preceding claims, wherein the temperature sensor
comprises an infrared detector having a wavelength measurement range of about

1 to about 50 micron.

The spectrometer of any of the preceding claims, wherein the temperature sensor
comprises an infrared detector having a wavelength measurement range of about

1 to about 20 micron.

The spectrometer of any of the preceding claims, wherein the temperature sensor
comprises an infrared detector having a wavelength measurement range of about

1 to about 5 micron.

The spectrometer of any of the preceding claims, wherein the temperature sensor
comprises an infrared detector having a wavelength measurement range of about

3 to about 8 micron.
The spectrometer of any of the preceding claims, wherein the temperature sensor
comprises an infrared detector having a wavelength measurement range of about

7 to about 18 micron.

The spectrometer of any of the preceding claims, wherein the light source

comprises a laser diode.

The spectrometer of any of the preceding claims, wherein the spectral analyzer is

configured to collect the scattered radiation from the sample area of the substrate.

13
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15.

-16.

17.

18.

19.

20.

The spectrometer of claim 14, wherein the spectral analyzer comprises input
channel optics for collecting the scattered radiation from the sample area of the

substrate.

The spectrometer of claim 15, wherein the input channel optics comprises optic

fibers.

The spectrometer of claim 15, wherein the input channel optics comprises a filter
positioned before the spectral analyzer for filtering out the ambient light before

being detected by the spectral analyzer.

The spectrometer of any of the preceding claims, wherein the first lens is optically

connected to the sensor with an optic fiber cable.

The spectrometer of any of the preceding claims, wherein the scattered radiation

comprises Raman-scattered radiation and the spectrum is a Raman spectrum.

A method of obtaining a temperature-adjusted spectrum from a sample area of the
substrate, comprising:

generating light to illuminate a sample area of a substrate by a light source,
wherein the light is reflected from the sample area, the reflected ligﬁt comprising
a scattered radiation;

énalyzing the scattered radiation by a spectral analyzer to obtain a spectrum of the
sample area of the substrate; |

directing thermal radiation from material deposited on the substrate to a
temperature sensor through a first lens; and

measuring the temperature of the material deposited on the substrate from the

thermal radiation by the temperature sensor.

14
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21.

22.

23.

24,

25.

26.

27.

28.

29.

The method of claim 20, further comprising analyzing the spectrum based on the
measured temperature and providing a calibration table for temperature-based

adjustment to the spectrum.

The method of any of claims 20-21, further comprising blocking the light during
the temperature measurement to avoid the influence of the light on the

temperature measurement.

The method of any of claims 20-22, further comprising blocking the temperature
sensor during analyzing the scattered radiation to avoid the interference with the

scattered radiation measurement.

The method of any of claims 20-23, further comprising optically focusing the

light to the sample area of the substrate by a second lens.

The method of any of claims 20-24, further comprising coupling the light to the

sample area of the substrate by a waveguide structure.

The method of any of claims 20-25, further comprising transporting the substrate

on a conveyor.

The method of any of claims 20-26, further comprising storing the temperature-
adjusted spectrum measurement data in a measurement data storage module for

analysis.

The method of any of claims 20-27, further comprising real time diagnosing the

temperature-adjusted spectrum by measurement data processing module.

The method of any one of claims 20-28, wherein the step of directing thermal
radiation from a material deposited on the substrate comprises directing thermal

radiation from material deposited in the sample area on the substrate.

15



10

15

20

25

30

WO 2012/012258 PCT/US2011/043986

30.

31.

32.

33,

34.

35.

The method of any one of claims 20-28, wherein the step of directing thermal
radiation from a material deposited on the substrate comprises directing thermal

radiation from material deposited outside the sample area.

The method of claim 30, further comprising interpolating a material temperature
of material in the sample area from the temperature of the material outside the
sample area, after the step of measuring the temperature of the material deposited

on the substrate.

A method of manufacturing a photovoltaic device, comprising:

forming a film on a substrate;

generati-ng light to illuminate a sample area of the film on the substrate by a light
source, wherein the light is reflected from the sample area, the reflected light
comprising a scattered radiation;

analyzing the scattered radiation by a spectral analyzer to obtain a spectrum of the
sample area of the substrate;

analyzing thermal radiation from the sample area of the substrate by a temperature
sensor to obtain the temperature of the sample area of the substrate;

analyzing the spectrum with the measured temperature by a calibration module to
provide a temperature-adjusted spectrum; and

monitor the film’s composition based a temperature-adjusted spectrum from the

sample area of the substrate.

The method of claim 32, wherein the film on the substrate comprises a copper

indium gallium selenide.

The method of any of claims 32-33, further comprising transporting the substrate

on a conveyor.

A photovoltaic device comprising;:

a substrate; and
16



10

15

20

25

30

WO 2012/012258 PCT/US2011/043986

36.

37.

38.

39.

40.

an analyzed photovoltaic absorber material adjacent to the substrate, wherein the
photovoltaic absorber material is analyzed by illuminating a sample area
including the photovoltaic absorber material with a light source, wherein the
light reflected from the sample area comprises scaitered radiation that is
directed toward a spectral analyzer to obtain a spectrum of the photovoltaic
absorber material at the sample area, wherein the spectrum is compared to the

temperature at the sample area.

A system for obtaining a temperature-adjusted spectrum from a material on a

substrate in a manufacturing process, comprising:

a substrate process chamber;

a light source configured to direct light along a light path through a first lens
toward a substrate position in the process chamber;

a spectral analyzer configured to receive light scattered from a material sample in
a sample area on a substrate located at the substrate position in the process
chamber; and

a temperature measurement device configured to measure the temperature of a
material sample on a substrate located at the substrate position in the process

chamber.

The system of claim 36, further comprising a substrate positioned at the substrate

position in the process chamber.

The system of claim 37, wherein the substrate comprises a material deposited on -

the surface of the substrate.

The system of claim 38, wherein the material comprises a semiconductor

material.

The system of claim 39, wherein the semiconductor material comprises copper

indium gallium (di)selenide.
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41.

42.

43.

44.

45.

46.

47.

48.

49.

The system of claim 39, wherein the semiconductor material comprises cadmium

telluride.

The system of any one of claims 36-41, further comprising a computer configured
to analyze the spectrum based on the measured temperature and providing a

calibration table for temperature-based adjustment to the spectrum.

The system of any one of claims 36-42, further comprising a shutter configured to
block the light from the light source during the temperature measurement to avoid

the influence of the light on the temperature measurement.

The system of any one of claims 36-43, further comprising a water vapor
measurement device configured to measure the water vapor concentration inside

the process chamber.

The system of any one of claims 36-44, further comprising an oxygen
measurement device configured to measure the oxygen concentration inside the

process chamber.

The system of any one of claims 44-45, further comprising a computer configured
to correct spectral data obtained from the material, wherein the correction is based
on one or more of material temperature, oxygen concentration inside the process

chamber or water concentration inside the process chamber.

The system of any one of claims 36-46, further comprising a conveyor configured

to position the substrate at the substrate position in the process chamber.

The system of any one of claims 36-47, wherein the process chamber interior has

a temperature of between about 25 degrees C and about 400 degrees C.

The system of any one of claims 36-48, wherein the process chamber interiorhas a

temperature of between about 25 degrees C and about 300 degrees C.
18
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50. The system of any one of claims 36-49, wherein the process chamber interiorhas a

temperature of between about 25 degrees C and about 200 degrees C.

5 51. The system of any one of claims 36-50, wherein the process chamber is connected
to an inert gas source capable of creating an inert gas ambient within the process

chamber.

52. The system of claim 51, wherein the inert gas source comprises an inert gas

10 selected from the group consisting of nitrogen and argon.

19



WO 2012/012258 PCT/US2011/043986
1/4

Incident light Reflected light
beam vg

beam vp

" Raman scattered light
Stokes vg — Vb

Raman scattered light
anti-Stokes vp + ved



WO 2012/012258

100

2/4

PCT/US2011/043986

40



WO 2012/012258 PCT/US2011/043986
3/4

30

¥

34—
32 T

th

FIG.3



WO 2012/012258

4/4

Transport substrate
to measuring position

L

Activate optical
source

L

Operate spectral
analyzer

L4

Measure temperature
of sample area

L

Determine
compensation peak
shift

Obtain temperature

compensated Raman
spectrum

FIG.4

PCT/US2011/043986



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings

