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ABSTRACT
In-situ shifted excitation Raman difference spectroscopy (SERDS) experiments are presented using a portable sensor
system. Key elements of this system are an in-house developed handheld probe with an implemented dual-wavelength
diode laser at 785 nm. An optical power of 120 mW is achieved ex probe. Raman experiments are carried out in the
laboratory for qualification using polystyrene as test sample. Here, a shot-noise limited signal-to-noise ratio (SNR) of
120 is achieved. Stability tests were performed and show a stable position of the Raman line under study within 0.1 cm -1
and a stable Raman intensity better ± 2% mainly limited by shot noise interference. SERDS experiments are carried out
in an apple orchard for demonstration. Green apple leafs are used as test samples. The Raman spectra show huge
background interferences by fluorescence and ambient daylight which almost obscure Raman signals from green leafs.
The selected excitation power is 50 mW and the exposure time is 0.2 s to avoid detector saturation. SERDS efficiently
separates the Raman signals from fluorescence and daylight contributions and generates an 11-fold improvement of the
signal-to-background noise with respect to the measured Raman signals. The results demonstrate the capability of the
portable SERDS system and enable rapid in-situ and undisturbed Raman investigations under daylight conditions.
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1. INTRODUCTION
Raman spectroscopy is a powerful analytical tool and besides many fundamental research fields this spectroscopic
technique has been demonstrated in several so-called real-world applications such as point-of-care diagnostic1, food
inspection2, and geological investigations3. The development of wavelength stabilized diode lasers as excitation light
sources, fiber coupled probes, and miniaturized CCD based spectrometers enable the realization of portable sensors such
as handheld devices suitable for in-situ investigations. For Raman spectroscopy the laser line at 785 nm is one of the
most popular wavelengths. Here, the excitation in the NIR spectral range has the potential to generate less fluorescence
especially for investigating biological samples. Beside this, Si-based CCD multichannel detectors are still sensitive
enough and can be used to detect Stokes-shifted Raman signals in the “fingerprint” spectral range. However, the weak
Raman signals could still be covered by fluorescence. Moreover, in-situ measurements have to overcome ambient light
such as daylight interferences. Both background signals can cause detector saturation even at exposure times of a few
seconds or even below one second for a single Raman spectrum.
Shifted excitation Raman difference spectroscopy (SERDS) and related techniques have been demonstrated as a
powerful spectroscopic tool to separate Raman signals from background interferences 4-10. In contrast to related methods,
for SERDS only two Raman spectra excited with two slightly shifted laser wavelengths are necessary and the method has
the potential to reduce the overall measurement time. The latter is preferred to achieve rapid on-site decisions directly
after the measurement, e.g., for in-vivo cancer diagnosis during medical surgery and the detection of explosives at airport
security checks. The spectral distance of the two emission wavelengths should be close to the bandwidth of the Raman
lines under study6. Raman lines of condensed samples show typical line widths of 3-12 cm-1 (FWHM)11.
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A monolithic diode laser based excitation light source without movable parts together with low power consumption is
preferred to realize a compact and robust portable and battery driven SERDS sensor system. Monolithic dual-wavelength
diode lasers with an emission at 785 nm suitable for Raman spectroscopy and SERDS were presented by our group
recently12,13. Moreover, we developed and fabricated a compact handheld Raman probe. Here, a dual-wavelength diode
laser at 785 nm similar to the above mentioned device was implemented and Raman experiments were carried out for
qualification14.
In this paper we present a portable SERDS system using the above mentioned handheld Raman probe and outdoor
SERDS experiments are performed for demonstration. First, the diode laser module at 785 nm and the handheld SERDS
probe is described and Raman experiments performed in the laboratory for qualification are presented. After this, the
portable SERDS system is shown and outdoor SERDS experiments in the apple orchard using green apple leafs
measured directly on the tree are presented. The results demonstrate that the portable sensors system is suitable for insitu SERDS experiments. This enables rapid and undisturbed outdoor Raman investigations and provides on-site
decisions immediately after the measurement.

2. RAMAN PROBE WITH AN INTEGRATED DUAL-WAVELENGTH DIODE LASER
2.1 Description of the diode laser module
Figure 1 shows a scheme of the diode laser module. The core element of the module is a dual-wavelength diode laser
emitting at 785 nm. The single chip has a size of 3.0 mm x 0.5 mm. The device is fabricated using metal organic vapor
phase epitaxy (MOVPE) and consists of two laser resonators. At the rear side of each cavity a 10th order distributed
Bragg reflector (DBR) grating is implemented and the gratings have a spatial distance of 80 µm. These wavelength
selective elements provide two excitation lines at 785 nm with a spectral spacing of about 10 cm-1 for SERDS. Ridge
waveguides (RW) are fabricated with a stripe width of 2.2 µm to guide the laser light. A Y-branch coupler is used to
couple the laser light of both resonators into a common RW section to realize a common output aperture and thus one
excitation spot at the sample for both excitation wavelengths. The rear facet is anti-reflective coated with Rr ≤ 10-3. The
front facet of the semiconductor chip has a reflectivity of Rf = 5% and acts as the second laser resonator mirror. Separate
electrical contacts are realized which are indicated with C1, C2, CY, and Cout and allow an individual control of each
excitation wavelength for SERDS. A detailed description of the dual-wavelength diode laser and Raman experiments
which demonstrate the suitability of the device for SERDS is given in Ref. 12,13.

FAC
SAC

conducting paths
Temperature sensor
CuW- submount

micro -Peltier element

Figure 1. Schematic view of the dual-wavelength diode laser module.

The dual-wavelength diode laser is soldered p-side up on a copper tungsten (CuW) heat spreader using Au/Sn. This subassembly is mounted on a micro-Peltier element (eTEC™ HV56, Laird Technologies Gothenburg AB) on an AlNmicrobench for heat transfer. The microbench has a footprint of 20 mm x 5 mm and acts as a baseplate for the laser
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module. Conducting paths on the AlN-microbench and a micro connector are used as electrical contacts for the diode
laser, a temperature sensor, and the micro-Peltier element.
Based on the optical properties of the diode laser and optical simulations a fast axis collimator lens (FAC) with a focal
length of fFAC = 700 µm and a slow axis collimator lens (SAC) with fSAC = 1500 µm are mounted on the microbench to
collimate the laser beam.
2.2 Description of the SERDS probe
The above described dual-wavelength diode laser module is integrated in an in-house developed SERDS probe as the
excitation source. A schematic inside view is presented in Fig. 2. Here, the collimated laser light passes a laser bandpass
filter (MaxLine® laser clean-up filter, Semrock) to suppress residual amplified spontaneous emission. Two 785 nm longpass edge filter (RazorEdge®, Semrock) are positioned at 5° to the incident beam. These filters are highly reflecting at
785 nm and direct the excitation beam to the probe head.
feed -through hole

collection fiber

dual -wavelength diode laser module

.

bandpass filter

fiber -coupling unit

long -pass filter

excitation path
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Figure 2. Schematic inside view of the SERDS probe (120 mm x 28 mm x
12 mm) with an integrated dual-wavelength diode laser module.

This probe head contains a customized aspheric lens. Based on optical simulations this lens was designed with a focal
length of 2.4 mm and a numerical aperture of NA = 0.8, which allows to realize a compact handheld probe and to
achieve high collection efficiency for inelastic scattered light. A 0.5 mm thick quartz glass window protects the inner
parts of the SERDS probe.

Figure 3. Realized handheld SERDS probe.
© FBH/schurian.com
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The 180°-backscattered light is collected by the customized aspheric lens and is directed to two long-pass edge filters.
Here, the laser light, the elastic scattered light, and the anti-Stokes shifted light is highly reflected. The Stokes shifted
light passes both filters and a fiber-coupling unit which contains an achromatic lens with a focal length of 10 mm
(Thorlabs GmbH) couples the Raman photons into a multimode fiber (dcore = 105 µm, NA = 0.22). The probe housing
has a dimension of 100 mm x 28 mm x 12 mm and is milled from aluminum. The inner surface is coated black (Magic
Black™, Acktar Ltd.) in order to avoid stray light interference. A realized handheld SERDS probe is presented in Fig. 3.
The collection fiber is connected to a compact spectrograph (HyperFlux U1, Tornado Spectral Systems). This
spectrometer has a spectral resolution of 8 cm-1 and the spectral dispersed light is focused onto a CCD (MityCCDH10141, 2048 x 512 pixel). Here, the operating temperature is -10°C.
Before the outdoor experiments Raman measurements were performed to qualify the SERDS probe.
2.3 Performance of the handheld SERDS probe
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Raman spectra of polystyrene (PS) were measured with the SERDS probe for qualification and are presented in Fig. 4.
The spectra L1 and L2 were generated using excitation lines at 783.64 nm and 784.26 nm, respectively. For both
excitations the optical power at sample was 50 mW. This was realized using the injection currents for the diode laser
with IC1 = 90 mA for L1 and IC2 = 95 mA for L2. Here, and for all further experiments the current at CY and Cout is
constant with ICout = 35 mA and ICY = 0 mA. The temperature at the diode laser module is 25°C. The spectra show one
accumulation with 0.2 s exposure time. The intensity of each spectrum is normalized to 1 and L1 has an offset for clarity.
Within the investigated fingerprint spectral region all Raman lines of PS are clearly visible and resolved. The positions
of the Raman bands of L1 are used for wavelength calibration according to literature values15. The positions of L2 are
shifted by 10 cm-1, as expected.

Figure 4. Raman spectra of polystyrene (PS)
excited with 1 = 783.64 nm and 2 = 784.26 nm
with P = 50 mW, t = 0.2 s.

By changing the injection currents IC1 and IC2 from 0 mA to 400 mA the excitation power at sample can be adjusted from
0 mW to 120 mW with respect to the analyte under study. Figure 5 A shows the center position of the Raman band of PS
at 999 cm-1 for L1 and 1009 cm-1 for L2 versus the excitation power. For each laser line the optical power was adjusted
from 0 mW to 120 mW by the corresponding injection current with a step size of 5 mA. The center positions for L1 and
L2 are within a spectral window smaller than 2 cm-1 over the whole operating range and show a mean spectral distance
between both Raman lines of (9.7 ± 0.5) cm-1. Spectral shifts of the center positions to lower wavenumbers occurs with

Proc. of SPIE Vol. 10054 1005409-4

Downloaded From: http://proceedings.spiedigitallibrary.org/pdfaccess.ashx?url=/data/conferences/spiep/91094/ on 03/07/2017 Terms of Use: http://spiedigitallibrary.org/ss/term

0.37 cm-1 corresponding to mode hops of the emission wavelengths of the light source typical for DBR diode lasers.
Additionally, in Fig. 5 B the corresponding bandwidths (FWHM) of the Raman line for L1 and L2 are presented. Both
Raman signals show a stable band width around 8 cm-1 and variations smaller than 1 cm-1 over the whole excitation
power range. The shifts of the center position and the variations of the band width are within the pixel resolution of
3 cm-1 of the used spectrometer and the results enable a flexible choice in excitation power during Raman investigations
without the necessity of a spectral recalibration of the spectrometer.
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Figure 5. Center positions of the Raman band at 999 cm-1 for L1 and
1009 cm-1 for L2 (A) and corresponding bandwidths (B).

Stability tests were performed. Here, 365 successive Raman spectra of PS were measured with L1, Pex = 50 mW, and
one accumulation with 0.2 s integration time.
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Figure 6. 365 Raman spectra of PS excited with L1, P = 50 mW,
t = 0.2 s. The delay between each spectrum is 10 s.
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Between each spectrum a delay of 10 s is used which leads to a total measurement time of about 1 hour. A temperature
difference of 11 K between the laser module with 25°C and the probe housing with 36°C was realized using a heat plate
simulate handheld operating condition. All 365 Raman spectra of PS between 960 cm-1 and 1040 cm-1 are presented in
Fig. 6. The Raman lines show nearly identical signal distribution in the spectral region under study. No significant
change in the shape of the Raman lines and variations in intensity is observed.
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Figure 7. Center position, bandwidth, and peak intensity of the
Raman line at 999 cm-1 from 365 Raman spectra of PS from Fig. 6.

A more detailed analysis of the position of the Raman line at 999 cm-1, the bandwidth, and the peak intensity versus the
measurement time is given in Fig. 7. Here, the center position of the Raman band under study is within a spectral
window of 0.1 cm-1 over the whole measurement time. Moreover, the bandwidth shows a peak-to-peak variation of
± 0.2 cm-1. Both values are well below the pixel resolution of 3 cm-1 of the spectrometer. During these investigations the
net peak intensity Inet of the Raman line at 999 cm-1 is about 14.500 counts and shows a peak-to-peak variation of < ± 2%
and a standard deviation σpeak-intensity ≈ 90 counts. As a result, using Īnet/σpeak-intensity a signal-to-noise ratio (SNR) of about
117 is calculated. This is close to the maximum reachable SNR within this measurement with SNR = Inet = 120.
Consequently, the intensity variations are mainly caused by shot noise interference.
The above presented results show the suitability of the developed handheld probe for Raman and SERDS spectroscopic
investigation. A more detailed description of the laser module, the SERDS probe and the experiments concerning the
qualification of the probe is given in Ref. 14.

3. OUTDOOR SERDS MEASUREMENTS FOR DEMONSTRATIONS
A handheld SERDS probe similar to the above described probe was applied in outdoor experiments to demonstrate the
suitability of the device in a measurement scenario with laser induced fluorescence and daylight as background
interference. In advance, the handheld probe was connected to a field operable measurement system. Here, the above
used compact spectrometer is used for detection. The integrated dual-wavelength diode laser module from Fig. 1 is
connected to four current sources (LDD 400, Imax = 400 mA, Wavelength Electronics, Inc.) and one temperature
controller (HTC1500, Imax = ± 1.5 A, Wavelength Electronics, Inc.). A USB Analog Output Module (RedLab 3103) is
integrated into the system for communication. All elements including a 12 V battery which provides 25 Ah are arranged
in a protector case (W+S Water Safety Europe GmbH). A laptop (Toughbook CF-53, Panasonic) and in-house developed
software are used for data handling and control.
The developed portable SERDS system was used for in-situ measurements in the orchard during harvesting time at the
beginning of September 2015 in Prangins, Switzerland and the realized device is presented in Fig. 8. Raman spectra of
green apple leafs were measured for demonstration. These test samples were investigated in-situ and directly on the tree.
For all Raman experiments the samples were excited with L1 = 783.63 nm and L2 = 784.26 nm and Pex = 50 mW.
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Figure 8. Portable SERDS system used
for outdoor experiments in the
apple orchard.

Raman spectra of a green apple leaf are presented in Fig. 9 A as an example. Each spectrum shows a single accumulation
with 0.2 s integration time. The Raman spectrum excited with L2 has an offset of 2.000 counts for clarity. Huge
background intensity is observed in both spectra. Here, the intensity around 400 cm-1 is at the saturation level of the CCD
detector with 65.535 counts. Additionally, an absorption spectrum of water vapor was simulated with a spectral
resolution of 8 cm-1 comparable to the spectral resolution in our Raman measurements. The simulated spectrum is shown
together with both measured Raman spectra in Fig. 9 A. The spectrum was calculated using the rotational-vibrational
absorption lines as given in the HITRAN database16 in the spectral region under investigation. The simulated intensity
distribution is comparable to the pattern of the background signal of both Raman spectra in the spectral range under
study. Moreover, three additional dips in the Raman spectra are observed and are indicated with arrows. The positions of
these dips presented in relative wavenumbers 988 cm-1, 1049 cm-1, and 1211 cm-1 corresponds to absolute wavenumbers
11541 cm-1, 11704 cm-1, and 11764 cm-1 and are identified as Fraunhofer lines of singly-ionized calcium (Ca II)17.
Consequently, the background interference in the Raman spectra is mainly due to ambient daylight and contains signals
from water vapor absorption from the atmosphere and intense Fraunhofer lines in the spectral region under study.
Additionally, a residual laser induced fluorescence signal from the sample can be stated. Only a Raman line at 1526 cm-1
with a signal-to-background noise of S/B = 14, is visible.
After the measurement, both Raman spectra from Fig. 9 A were subtracted and the shifted excitation Raman difference
spectrum is presented in Fig. 9 B. Here, Raman signals are clearly separated from both background interferences,
discussed above. An advanced in-house developed reconstruction algorithm18 was used to obtain a Raman spectrum in a
conventional format. This algorithm includes a baseline correction and an integration of the signal distribution from
Fig. 9 B. The so called reconstructed SERDS spectrum is presented in Fig. 9 C (1 x 0.2 s).
The reconstructed SERDS spectrum shows Raman lines of chlorophyll and carotenoids clearly resolved in the spectral
region under study. The positions are indicated by dashed lines according to literature values19 and the signal-tobackground noise of 160 for the Raman line at 1526 cm-1, corresponding to an 11-fold improvement. Additionally, an
average of ten Raman spectra of the investigated green leaf with 0.2 s integration time for each excitation line is
measured at the same sample position and processed for SERDS. The corresponding reconstructed SERDS spectrum is
presented in Fig. 9 C with an offset for clarity (10 x 0.2 s). Both reconstructed SERDS spectra show similar signal
distributions and indicate reliable measurements and data processing. Further experiments on apples were performed and
are described in detail in Ref. 20.
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Figure 9. Raman spectra of green apple leaf and simulated
absorption spectrum from water vapor (A), SERDS spectrum (B),
and reconstructed SERDS spectra using Raman spectra
measured with 1 x 0.2 s and 10 x 0.2 s integration time (C).

4. SUMMARY
In this contribution in-situ shifted excitation Raman difference spectroscopy (SERDS) experiments using a developed
portable sensor system are presented. An in-house developed handheld SERDS probe with an implemented dualwavelength diode laser at 785 nm was fabricated. The device provides a flexible excitation power up to 120 mW ex
probe for both laser wavelengths for SERDS. Raman experiments were performed in the laboratory for qualification.
Here, a shot-noise limited signal-to-noise ratio with 120 was achieved. Stability tests show a stable position of the
Raman line under study within 0.1 cm-1 and a stable Raman intensity better ± 2% mainly limited by shot noise
interference. In-situ SERDS experiments in an apple orchard using green apple leafs were carried out for demonstration.
The measured Raman spectra show huge background interferences by fluorescence and ambient daylight. The excitation
power is 50 mW and the exposure time was 0.2 s in order to avoid detector saturation. SERDS efficiently separates the
Raman signals from fluorescence and daylight contributions and generates an 11-fold improvement of the signal-tobackground noise with respect to the measured Raman signals. The results demonstrate the capability of the portable
SERDS system for outdoor experiments. This enables rapid and undisturbed in-situ Raman investigations and provides
on-site decisions immediately after the measurement.
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