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In-situ measurement of the surface temperature

during holographic recording
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Photo-induced processes in organic materials mostly occur on molecular levels. Excited molecules may
split to form radicals, starting a polymerization process with diffusing monomers. The azo-dyes perform
an optically induced cis-trans isomerization. During pattern formation like a holographic grating, the
local temperature increase, especially in thin films, is up to date a subject of estimation from absorption
and dissipation data. However, the exact knowledge of the surface temperature would help a lot in
understanding the resulting refractive index and thickness patterns during holographic exposure. In this
paper, in-situ pyrometer measurements are presented. As examples, different photosensitive materials,
varying from a photopolymer to polycrystalline azo dyes, are used in order to outline the magnitude of
this effect and demonstrate the feasibility of this technique.

OCIS codes: 050.1940, 090.2900, 160.2900, 350.5340.

Recording a light pattern in a photosensitive material
generally means a series of processes in the material sys-
tem. The absorption of the initiating photons is usually
the first activating step[1]. After the photon energy is
absorbed, the excitation may be followed by a molecular
transition, an initiation of polymerization[2,3], etc.. Any
local chemical process leads to diffusion and in some cases
even material transport[4−7]. In the presence of oxygen, a
photo-induced oxidation may occur[8]. Endothermic and
exothermic reactions may be involved. Some reactions
mainly occur at elevated temperatures. In the case of
self developing photo etching, e.g. with excimer laser ra-
diation, material decomposition may occur[9].

In all these different cases, an interesting question
is what the temperature is during recording. There-
fore we present a straight forward experimental tech-
nique using a pyrometer for measuring the tempera-
ture during the holographic exposure. We do this
investigation for different material systems, a volume
photopolymer[2,3,10−13] and thin films with active azo-
benzene groups in different concentrations like guest-host
systems[14−17], side-chain polymers[4,5,18−22], or organic
glasses[23−26].

Measurements have been carried out as a scan through
the cross section of the exposed area and for a center
spot as a function of recording time. A temperature in-
crease of up to 25 K has been found depending on the
material. The time-dependent measurements indicate
different processes like refractive index pattern forma-
tion or material transport.

The experimental arrangement used in this investiga-
tion is shown in Fig. 1 with a schematic and a photo of the
measuring part. The conventional two-beam holographic
recording set-up with an Ar-ion laser at the wavelength
λ = 488 nm is completed by a pyrometer (see Fig. 1,
Voltcraft IR-1001A), which is mounted on an x-stage par-
allel to the grating vector in the sample in a distance of
16.7 cm. The pyrometer numerical reading is recorded

by a digital camera and then correlated to the particular
x-position. The measured spot size of the pyrometer in
this geometry is about 3.3 mm in diameter (50:1 optic of
pyrometer) which is well below the exposed spot size of
6-mm diameter. Therefore an “x-scan” for the tempera-
ture measurement can be performed during holographic
exposure.

The measurements work as follows. The temperature-
dependent radiation power of a black body emitting into
the solid angle Ω = 2π (half space), measured by the
pyrometer’s infrared (IR)-detector can be written as[27]

PbB(T ) = k

∫

∆f

wbB(f)df (1)

Fig. 1. Experimental arrangement for the in-situ measure-
ment of the surface temperature during holographic record-
ing. (a) Schematic; (b) photograph of the measuring part.
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with wbB(f)df being the emitted energy density given
by Planck’s radiation law[27],

wbB(f)df =
8πhf3

c3

df

1 − exp[hf/(kt)]
, (2)

where c is the speed of light, h is the Planck’s constant,
k is the Boltzmann constant, f is frequency, the con-
stant k = AΩc/(4π) is determined by the pyrometer’s
specifications, A is the area of detector, Ω is the solid
angle of measurable radiation given by the pyrometer’s
optics (IR-1001A, distance to spot ratio 50 : 1 → Ω =
π(1/2)2/502 = π × 10−4 rad for plane surfaces).

For general non-black bodies, the emitted energy den-
sity is proportional to that of the black body[27]:

wgB(f)df = ε(f)wbB(f)df, (3)

where ε(f) is the frequency-dependent emissivity of the
body. If the frequency interval ∆f is small enough, the
emissivity becomes constant and the measured radiation
power can be written as

PgB(T ) = εPbB(T ). (4)

For organic materials, the value of the emissivity is
ε = 0.95[28,29]. This value can be verified by comparing
the temperature of the sample’s surface at laboratory
conditions measured by the pyrometer with the temper-
ature measured by an independent thermometer (like
commercial mercury thermometer).

The experimental set-up shown in Fig. 1 allows the
in-situ measurement of the diffraction efficiencies using
a He-Ne laser (λ = 633 nm) as well.

In Fig. 2, a typical x-scan curve for the pyrometer is
presented for a holographic experiment with the azo-dye
disperse red I (DR1). The sample was prepared by evapo-
rating DR1 molecules from the vapor phase in an average
thickness of 600 nm (reading from the thickness monitor,
DEKTAK profilometer scan)[30,31]. Depending on the
substrate’s surface charge or the substrate’s polarity, two
different types of layers can be produced, either a trans-
parent layer of preoriented molecules or a highly scatter-
ing layer[30,31]. For such a system, a thin grating with a
diffraction efficiency for the first order of a few percent-
age is obtained[26] (Fig. 3(a)). Atomic force microscopy
(AFM) investigations indicate a clear surface grating.
The material processes involved here are cis-trans photo-
isomerization[32−34], material transport (relief grating)

Fig. 2. Temperature measurement with x-scan during holo-
graphic recording in 600-nm thick DR1 on glass, dimensions
are shown in the inset.

Fig. 3. (a) Diffraction efficiency η for the first order
diffraction as a function of recording time for different holo-
graphic materials (see Table 1); (b) temperature measure-
ments for the corresponding material systems of (a); (c) lower
curves with higher resolution in (b).

and crystallization and melting phenomena. The x-scan
was performed with a stepping motor.

However the local variation of the surface temperature
is quite evident with a maximum change of ∆Tmax = 9
K in this example (34− 25 ◦C). The DR1 system shown
in Fig. 2 is among those we investigate in this paper with
an average recording temperature (Fig. 3(b), DR1, pre-
oriented, maximum temperature difference ∆T = 12.9
K). The temperature π-scan measurement has been per-
formed ∼ 30 min after the start of recording, which
explains the low value of ∆Tmax in Fig. 3(b). The Gaus-
sian profile of the holographic interference pattern is
reflected in the temperature profile. Caused by heat
transmission, the full-width at half-maximum (FWHM)
value of 1.32 cm highly exceeds the diameter of the holo-
graphic spot of 0.6 cm.

Similar measurements have been performed with some
other quite different organic photo-sensitive systems (see
Table 1). In order to compare different materials, we
measured the diffraction efficiency η and the maximum
temperature T during and after the recording process.
Both quantities were measured in the center of the ex-
posed spot, which refers to the maximum in the temper-
ature curve in Fig. 2. The grating constant was chosen to
be Λ = 2 µm, the recording time trec = 106 min, and the
recording intensity per beam I = 4880 W/m2 (λ = 488
nm) in all measurement results, as shown in Fig. 3.
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Table 1. Material Systems for Monitoring the Temperature during Holographic Recording

Label Material System

DR1, Scattering Substrate/600-nm DR1 (Red, Highly Scattering)

DR1, Preoriented Substrate/600-nm DR1 (Transparent, Preoriented)

Cp2TiCl2 :PMMA Substrate/4.3-mm PMMA:Cp2TiCl2 (Photopolymer)

Composite PαMS 1.8-µm Poly(alpha-methylstyrene) (PαMS)/600-nm DR1 (Transparent)

PEO/ABPMA 1.08-µm PEO/ABPMA (Side-Chain Polymer)

Composite Nafion Substrate/245-nm Nafion/600-nm DR1 (Red)

Substrate: microscope slides, Menzel, dimensions 7.5 × 2.5 × 0.1 (cm), refractive index n = 1.521.

Regarding η(t), the material systems can be di-
vided into three different classes. The photopoly-
mer poly(methyl methacrylate): titanocendichloride
(PMMA:Cp2TiCl2) shows the highest value of the
diffraction efficiency up to ∼ 8% (Fig. 3(a)). For this
thick-grating system[35], η-values up to 100% are mea-
sured depending on the reading angle’s difference to the
Bragg-angle[3]. After stopping the holographic exposure,
the sample develops, and this process can be rapidly
accelerated using heat[3]. The second class contains
all systems with concentrated DR1 as the upper layer.
These thin-grating systems show η-values between 1.15%
and 1.5% after the recording time trec = 106 min. After
switching off the Ar+ light, the diffraction efficiency re-
mains constant. The side-chain polymer PEO/ABPMA
represents the third class (also thin grating). It shows
a maximum in η(t) after a few seconds of recording.
In a second experiment, a clear surface-relief grating
could be detected at this point (AFM). With increasing
recording time, the diffraction efficiency and the sur-
face grating decay. After the holographic exposure, η
remains constant. While for the first two system classes,
the diffraction efficiency still develops at the time of
the Ar+ light’s turning off, and the side-chain polymer
saturates at t ∼ 40 min.

Figures 3(b) and (c) show the T (t) behavior. All
curves show a rapid increase in the temperature at the
beginning of the holographic exposure and a fast de-
crease to laboratory temperature after the laser beams
are switched off. The latter behavior can be assumed as
an exponential decay with a decay time of tdec ∼ 30 s
(for all samples!). Heat is transferred to the environment
and transformed into heat radiation; these processes are
typical for all samples. At the beginning of the holo-
graphic exposure, a part of the energy of the holographic
radiation is transformed into heat. The height of the
peak is related with exemption of the photopolymer
to the absorbance (= − lg(I/I0)) of the samples, a high

Table 2. Absorbance of the Samples Measured
with a Spectrometer at λ=488 nm

Sample Absorbance − lg(I/I0)

DR1, Scattering 1.8027

DR1, Preoriented 0.265

Cp2TiCl2:PMMA 0.0672

Composite PαMS 0.1523

PEO/ABPMA 0.1853

Composite Nafion 2.1232

value at λ = 488 nm results in a high peak (Table 2).
The shape of the T (t) curves may be affected by the

heat conduction σ of the different substrates. If σ is
high, heat can be transferred away from the substrate
easily and the surface remains relatively cool. This is
shown by the comparison between the systems of PαMS
and preoriented DR1 (see Table 1, Fig. 3). Both systems
show a similar behavior of η(t) and absorbance, but the
T (t) curves are much different. PαMS seems to have
a high value of σ, therefore heat is easily transferred to
the glass substrate and the surface remains relatively cool
(∆Tmax ≤ 2.25 K). In case of glass, much more heat stays
at the surface (∆Tmax ≤ 12.9 K). During the record-
ing process, Nafion seems to change its heat conducting
properties. At the beginning of the experiment, σ seems
to be higher than that of glass, while with increasing time
both values approach to each other (comparing systems
DR1 scattering/composite Nafion, see Fig. 3(b)). In the
case of PEO/ABPMA, the absorption coefficient is low,
most of the light transmits through the sample and the
surface temperature remains low. Polymeric reactions
can be monitored regarding the photopolymer system.
The temperature maximum at the beginning refers to the
exothermic split reaction of the photo initiator Cp2TiCl2
(∆Tmax = 3.5 K, Fig. 3(c)). After this process, the radi-
calic polymerization of the residual monomers, which are
still inside the polymer matrix, follows. The temperature
decreases because the speed of the latter reactions de-
creases due to monomer exhaustion and the absorbance
decreases due to photo-starter exhaustion.

The actual temperature of the sample surface may be
regarded as a measure for chemical reactions or physi-
cal changes of involved phases like melting or growing
of crystalline domains with subsequent surface relief for-
mation or reorientation of domains. Therefore the T (t)
dependence may be used in correlation with the corre-
sponding η(t) curve for the interpretation of the specific
processes occurring in a photosensitive system.

Finally it should be mentioned that clean glass sub-
strates do not show a temperature change during holo-
graphic exposure.

In conclusion, the online recording of the surface tem-
perature of photosensitive samples during holographic
recording is possible with sufficient local resolution. In-

situ measurements across the sample (T (x) scans) or
measurements as a function of time for the maximum
value T (t) are presented for different exemplary ma-
terial systems. The T (t) curves in combination with
the diffraction efficiencies η(t) reveal more informa-
tion about materials. The highest recording tempera-
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tures were found in the beginning of the recording. In-
terestingly enough this corresponds to maxima in the
diffraction efficiencies of recorded gratings in most azo
compounds. After this early recording period of high
efficiencies and high local temperature, the material sys-
tems seem to relax into a period of equilibrium, pass-
ing thermal energy to the environment. The reported
in-situ measurement of the surface temperature during
holographic recording also gives an estimate of reaction
temperatures during recording. This helps understand-
ing local chemical or physical changes, especially in thin
films (≤ 1 µm). In special systems, for instance, the
glass transition temperature may be reached during op-
tical recording. For the resolution of multi-step mate-
rial processing, more detailed investigations are necessary
with specific materials.

A. Draude’s e-mail address is ansgar.draude@uni-
due.de.
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