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In this paper a three-channel wavelength modulation spectrometer is described. This spectrome-
ter records simultaneously either the reflectivity and derivative reflectivity spectra or reflectivity
and logarithmic derivative reflectivity spectra. The applied feedback loops permit to minimize er-
rors caused by the differentiation of the optical system spectral characteristic. Errors caused by
the dark current of the photomultiplier and the light noise are reduced by applying an additional
third channel.

1. Introduction

In the recent years the derivative spectroscopy as a method of investigation of the band
structure of solids has been developed. There are various techniques of obtaining the de-
rivative spectra. Their advantages and disadvantages have been widely discussed else-
where [1, 2]. To obtain the derivative spectra of reflectivity of solids the following methods
are most often applied: electroreflectance, piezoreflectance, thermoreflectance and wave-
length modulation. In all these methods, except the latter one, the modulation of the light
beam is obtained by the application of a periodic perturbation directly to the sample.
This perturbation alters the band structure or some other properties of the sample. The de-
rivative spectrum obtained in this way depends strongly on the sample response to the per-
turbation. To interpret appropriately the obtained spectrum it is necessary to know
the variation of the band structure as a function of the applied perturbation. However,
the knowledge of such properties of solids is rather limited and therefore the derivative
reflectivity spectra, obtained with the use of so-called internal modulation techniques,
are difficult to interpret. Despite these difficulties, the internal modulation techniques
are often employed. This is due to the fact that the derivative spectra may be obtained
easier by employing the internal modulation, than by using the wavelength modulation,,
which is the external one. In other words, we do not introduce any changes into physical
parameters of the sample but we modulate the incident light. This method does not destroy
the state of the sample and the obtained spectrum is simply the first or the second deri-
vative of the conventional spectrum. Wavelength modulation may be used to study the ef-
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fects associated with the changes of temperature, stress, magnetic or electric fields. How-
ever, unlike the other modulation techniques, the wavelength modulation method re-
quires special and accurate construction of the optical system in order to eliminate a huge
background in the derivative spectrum. This background results from the differentiation
of the spectral characteristic of various optical components in the system and may be
comparable or even larger that the sample signal. The separation of the sample spectrum
from the background is a serious problem.

In wavelength modulation spectrometer described in this paper, the background can
be minimized by the use of two feedback loops. Errors caused by the dark current and
the light noise are reduced in the third channel applied in our spectrometer. The perma-
nent reduction of the dark current and the light noise signals is especially important,
when the supply of the photomultiplier is being controlled during the measurement pro-
cedure.

To obtain wavelength modulation of light, various methods have been proposed [3-8].
In our spectrometer we use a vibrating flat mirror inserted outside the monochromator.

In the next Sections of our paper a description of the optical and electronic system
is given, the principles of operation of our spectrometer are discussed and some
examples of recorded spectra presented.

2. Optical system

The wavelength modulation spectrometer has been built on the basis of the grating mo-
nochromator GDM-1000. The diagram of the optical part of our spectrometer is shown
in Fig. L The entrance part of this system is analogous to that suggested by zZucca and
shen [8], except that they used a torsional tuning fork to make the mirror vibrate, while

Fig. 1 Scheme of the optical sys-
tem of the wavelength modula-
tion spectrometer

we have employed a loudspeaker specially constructed for this purpose. We took advan-
tage of the fact that at the frequency of 1620 Hz the loudspeaker vibrating system gets
into resonances. The external slit E performs the function of the entrance slit of the mo-
nochromator. The light emerging from the slit E is focussed by the spherical mirror

in the entrance slit plane of the monochromator. The mirror M (modulator) vibrating
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with the frequency of 1620 Hz is inserted between E and . Thus, in the plane of the en-
trance slit of the monochromator we obtain a vibrating image of the slit E, so that the exit
slit gives the wavelength-modulated light with the frequency equal to that of the modu-
lator vibrations and with the modulation depth dependent on the amplitude of the mo-
dulator vibrations. Due to the use of the grating monochromator, the modulation depth
is kept constant over the whole measuring range.

The monochromatic light beam with the modulated wavelength emerging from the exit
slit of the monochromator is directed onto the beam chopper C by means of the mirrors
Z2and Z3. The beam chopper splits the measurement cycle into: sample part, reference
part and sampling of the dark current, and the light noise signals. There are various ways
by which the spectrometer channels may be constructed and the signals employed [8-14].
In our arrangement beam splitting is performed by the mirror C, which may be put into
two positions: S and /. In position S (the sample channel) the light beam is focussed on
the sample and the light reflected falls on the surface of the photodetector PM. In posi-
tion / (the reference channel) the light beam is sent directly from the chopper to the pho-
todetector. The period time during which the mirror C changes its position (and no light
falls on the photodetector) is used to measure the signal of the dark current and light noise
{the third channel). Due to the geometry of this system the images on the photodetector
in the S and / positions are somewhat different in size. It should be emphasised that we
have tested two ideas of the beam splitter construction. The first one was suggested by
Zucca and Shen [8], Hart [10] and Moritani et al. [11]. Here, an alternately reflecting
or transmitting chopper was used. The latter, used in our arrangement, is similar to that
proposed by Theis and Busse [12]. In the first arrangement light beams passing through
the reference and sample channels are reflected from different mirrors. This is a major
disadvantage of this idea. Such a splitting technique requires the chopper and mirrors
of very good quality. However, due to different rates of the ageing mirrors, the asymmetry
of the channels is observed. These problems do not occur in the second arrangement,
as the light beam reflected from the chopper mirror into the reference and sample chan-
nels does not encounter any additional mirrors after splitting. This method reveals, how-
ever, one disadvantage. The sizes of images on the photodetector are somewhat different.
For the photomultiplier M12 FQ51, employed by us, error caused by the use of different
mirrors appears to be greater than that caused by different sizes of images on the pho-
tocathode of the photomultiplier. Therefore, we applied the second method of beam
splitting.

In our beam splitter the changes of the chopper mirror position are produced by tor-
sional vibrations of the specially constructed mechanical system. The vibration frequency
may be regulated in the range of 2-6 Hz. With our beam splitter the ratio of the meas-
urement time in the sample or reference channel to the switching time may be regulated
in the range of 3 : 1to 8 : 1 Oui beam splitter seems therefore to have better properties
than the one proposed by Theis and Busse.

The moving diaphragm D [8] located in front of the monochromator is an important
component of the optical system. Its task is to minimize the alternating signal generated
as a result of the differentiation of the optical system characteristic (the modulation back-
ground). The signal generated by the additional modulation of the light beam on a saw-
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tooth diaphragm D should have the same amplitude and opposite phase with respect to
the modulation background. The minimization of the modulation background is espe-
cially important when sharply structured light sources are used.

3. Operation principles

On the one hand, the output signal in the reference channel without the modulation can
be expressed as

W) = I(X)RZAX)Y(X) + VT, @)

where Ais the wavelength of the light, /(A) - the intensity of the light beam emerging
from the exit slit of the monochromator, RZ(X) —the overall reflectivity of the mirrors
in the optical system between the monochromator and the photomultiplier, 7(A) - the coef-
ficient for converting light intensity into the final output electric signal, VT - the signal
proportional to the dark current and the light noise.

On the other hand, the output signal in the sample channel is given by

US(X) = /(A) RZX) R(X) 7(A) + VT, 2

where R(X) is the reflectivity of the sample.
If the wavelength modulation of light is given by

A= A JAsincot,

where AX is the modulation depth, a) is the wavelength modulation frequency, and if we
denote

UX) — 1A Rz(A) 7(A),

then the output signals from the photomultiplier in reference and sample channels can
be expressed as

du
uxo +

X ZIAsina>/+ VT-\-AXYs\n{(ot-\-71"), 3

X0
and

dr du
Ws = R(XQ UXQ+U(XO) _ ~ AXsina>t+R(XO) - zJAsina)i+ VT

+ R (Ag) A (AD)sin (cot-\-7i), €]
respectively, where A (A) is the amplitude of the correction signal used to minimize the mod-
ulation background.

If we add the signal VKto the signals Wf and Ws we obtain the signals Vj and Vs
given by

wi+ vK,

(2
VS=W S+VK
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The signal VKis generated in the third channel of the electronic system and fulfils the re-
lation

vk = —VT. (6)
If the electronic system ensures the fulfilment of the following relations:

C/(~0 = const = H,

i 7)
V.-R{X0QK/ = Uou
the output signal is given by
Uoml=aH~AX, ©)
QA

where a and H are the constant coefiicients determined in the process of calibration of
the apparatus. If

i?(A0)C/(Ao) = const = H

and 9
V-R(kOV, = Uou2

we obtain the output signal given by

1 dR

_ 10
out2 R(XO) oK (10)

Relations (8) and (10) give the quantities A and R A respectively.

4. Electronic system

The block diagram of the electronic system is shown in Fig. 2. The output signal from
the photomultiplier PM is split into: sample channel, reference channel and correction
(third) channel. In the sample and reference channels the respective signals Vs and VI
are sent to the reducer of the switching noise RSN. After the reduction of the switching
noise the signals Vs and Vj are sent from the reducer RSN to the lock-in nanovoltmeter
and measured with the use of the reference signal generated in the wavelength mo-
dulator M. The signal from the lock-in nanovoltmeter is recorded by the X-t recorder.
In this way we record the derivative reflectivity spectra. However, it is also possible to
record the conventional spectrum of the reflectivity using for this purpose the signal
obtained in the block RO. The block SHV which controls the high voltage power supply
ensures the fulfilment of the relations L/(A) = const, and t/(A)R(/l) = const. In the third
channel, equipped with the memory of the VT signal, the correction signal VKis obtained.
In order to minimize the modulation background the RMB block has been constructed.
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Its task is to generate signals which control the position of the diaphragm D in the light
beam. The unit S ensures the signalling of faulty work of the electronic system in the case
when the permissible values of Vs, Vf or VT signals are exceeded.

RMB _ .
/ritf
. Vi LOCK-IN
SWITCH RSN ANOHOLTK
5 \a
Al
® PM SHITCHA MEMORY
ZSHITCH
HY.
POHER sh V RECORDER
SUPPLY | I

Fig. 2. Block diagram of the electronic system used in the wavelength modulation spectrometer

5. Examples of application

The experiments have been carried out in order to confirm the capabilities of our spec-
trometer. Conventional and derivative spectra of reflectivity in interference filter obtained
by means of our spectrometer are shown in Fig. 3. The superiority of the derivative spec-
trum is out of question. The details which are hardly seen in the conventional spectrum

(points A, B, in Fig. 3) are distinctly marked in the derivative spectrum. In the filter being
investigated the essential changes in reflectivity occurred in the narrow interval of wave-
length. So far, the wavelength modulation technique has been generally used to in-
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vestigate the solids with a sharp structure, such as semiconductors, especially at low tem-
peratures. Our spectrometer has been tested for recording the reflectivity spectra of the sol-
ids the structure of which is not sharp. To obtain the derivative reflectivity spectra of
these solids the internal modulation techniques have been most often used.

. o - 1 dR .
Figure 4 shows the derivative reflectivity spectrum-------- of electrochemically

deposited gold, recorded in the visible region. The measurement was done at room tem-
perature. Figure 5 shows the reflectivity spectra of three copper samples of different age.
Copper was evaporated on glass in vacuum. The samples prepared in this way were aged
in air. The measurements were also done at room temperature. As seen in Fig. 5, the ageing
of the probe results not only in the decrease of reflectivity over the whole spectral range,
but also in the change of the shape of the curve -R(A). For aged samples smaller changes
of reflectivity jR(A) are observed. These changes are better pronounced in the derivative
spectra presented in Fig. 6.

5. Conclusions

In this paper we have presented three-channel wavelength modulation spectrometer which
possesses the following essential features:

1 Errors caused by the dark current and light noise are reduced. This is achieved
by the utilization of the switching time chopper mirror and due to the addition al third-
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channel equipped with memory of the dark current and light noise. To our knowledge

this is an unparalleled way of permanent reduction of the errors caused by the dark cur-
rent and the light noise.

Fig. 6. Derivative reflectivity spectra of the copper samples of different ages
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2. High frequency of modulation is applied. To our knowledge the employed frequency
of 1620 Hz is now the highest frequency of wavelength modulation ever used. High fre-
quency of wavelength modulation (also used by Zucca and snen [8]) permits to achieve
more advantageous signal to noise ratio than in the case of low frequencies.

3. Large modulation background is minimized.

4. Modulation depth is constant over the whole measuring range.

This spectrometer permits to record the derivative reflectivity spectra of solids, which
do not have a sharp structure. Even if the signal is very weak, due to little changes of re-
flectivity and small modulation depth, it can be separated from noise.

Acknowledgements - We wish to thank Doc. Dr. M. Rozwadowski for helpful discussions and assistance
in organization of the described spectrometer and Mgr B. Grzegorzewski for helpful suggestions on the de-
sign of the system.

References

[1] Cardona M., Modulation Spectroscopy, Academic Press, New York 1969.

[2] Willardson R. K., Beer A. C., ed., Modulation Techniques, Academic Press, New York 1972.
[3] Me William I. G., J. Sci. Instrum. 36 (1959), 51.

[4] Balslev 1., Phys. Rev. 143 (1966), 636.

[5] Perregaux A., Ascarelli G., Appl. Opt. 7 (1968), 2031.

[6] Kardux W., Krusemeyer H. J., Appl. Opt. 13 (1974), 2704.

[7] Rozhko A. H., Serghijenko V. V., Chmoul A. G., Prib. i Tech. Exp. No. 5 (1977), 169.
[8] Zucca R., Shen Y. R., Appl. Opt. 12 (1973), 1293.

[9] Shaklee K. L., Rowe J. E., Appl. Opt. 9 (1970), 627.

[10] Hart G. P., Neely J. A., Kearney R. J., Rev. Sci. Instrum. 44 (1973), 37.

[11] Moritani A., Kondo K., Nakai J., Jap. J. Appl. Phys. 15 (1976), 1549.

[12] Theis D., Busse W., J. Phys. E: Sci. Instrum. 10 (1977), 57.

[13] Becla P., Gumienny Z., Misiewicz J., Optica Applicata 11 (1979), 143.

[14] Montegu B., Laugier A., Fournier J. M., J. Phys. E: Sci. Instrum. 12 (1979), 1153.

Received April 3, 1981

TpéXKaHanbHbIA CNEKTPOMETP C MOAYNsAUMe ANNHbI BO/HbI

B HacTosiwei paboTe onucaH TpéxKaHaNbHbI/ CNEKTPOMETP C MOAYNAUMENR AMHbI BOMHbI. OH 0AHOBpe-
MEHHO PermcTpupyeT CMeKkTpbl KO3h(ULMeHTa OTPaXEHUS WU NPOM3BOAHON KO3duLmeHTa OTpaxeHus
WIn cnekTpa KoaduumeHTa OTpaKeHWs 1N N0rapuiMUYecKoi NPon3BoAHON KO3(ULIMEHTA OTPaXKEHNS.
MprMeHeHWe B 3TOM CMEKTPOMETPe MeT/AM 06paTHbIX CBSA3e MO3BOMAO MUHWMWU3MPOBATL OLUMOKM,
BbI3BaHHble An(dhepeHLMPoBaHNEM CMEKTPaIbHOM XapaKTepUCTUKM  ONTUYECKOW cucTeMbl. OLINGKW,
BbI3BaHHblE TEMHOBbIM TOKOM (POTOYMHOXWTENSA U CETEBbIM LUYMOM YMEHbLUAKTCA MOCPEACTBOM Mpu-
MEHEHWNS [AOMONHUTENBHOr0, TPeTbero KaHana.
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