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Abstract Scintillation light from a liquid noble gas during

a neutrino or dark matter experiment lies typically within

the vacuum ultraviolet region and might be strongly

absorbed by surrounding materials such as light guides or

photomultipliers. Tetraphenyl butadiene (TPB) is a fluo-

rescent material, acts as a wavelength shifter, and can turn

UV light into visible light at a peak wavelength of

approximately 425 nm, enabling the light signals to be

easily detected during physics studies. Compared with a

traditional TPB coating method using vapor deposition, we

propose an alternative technique applying a spin-coating

procedure to facilitate the development of neutrino and

dark matter detectors. This article introduces a method to

fabricate a TPB film on an acrylic substrate by using a spin-

coating method, reports the measurements of the sample

film thickness and roughness, demonstrates the reemission

spectrum, and quantifies the wavelength shifting efficiency.

Keywords Wavelength shifter � Tetraphenyl butadiene �
Spin-coating method

1 Introduction

A wavelength shifter (WLS) is critical to modern liquid

noble gas detectors. It converts an ultraviolet light signal

into a visible light signal of a particular wavelength. The

wavelength of scintillation light from liquid noble gas is in

the vacuum ultraviolet (VUV) range, varying from 80 to

200 nm. The light within this wavelength range is strongly

absorbed by most detector materials. Tetraphenyl butadi-

ene (TPB) is one of the popular WLS options [1–3] used in

a number of neutrino and dark matter experiments applying

liquid argon, such as MicroBooNE [4], DUNE [5], DEAP-

3600 [6, 7], DarkSide-20k [8], and ArDM [9], which

absorbs UV light and reemits light within the visible

spectrum to be easily and effectively detected by photo-

multiplier tubes (PMTs) or silicon photomultipliers

(SiPM). WLS is also used in Cherenkov detectors to

improve the light yield [10–12]. It is important during

current and next-generation experiments to find a cost-ef-

fective way to coat the TPB on the surface of the detector

container.

A vapor deposition method [13] is commonly used in

TPB film fabrication, and in [14], a spraying method is

proposed. Because the vapor deposition method requires a

high vacuum and a spraying method allows no control of

the film thickness, we propose the fabrication of a TPB film

using the spin-coating method, which can act as an alter-

native option. The primary purpose of this study is to make

TPB films using a spin-coating method and measure the

film geometry and its capability of shifting the UV light.

The light shifting capability of a TPB material is called the

quantum efficiency (QE), which is defined as the average

number of photons that TPB reemits when it absorbs a

single photon. The QE is an intrinsic property of the
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material itself and is independent of the film condition, e.g.,

the thickness and roughness. Because it is difficult to obtain

a single photon as incident light, it is difficult to measure

the QE directly. Therefore, the shifting capability of an

entire film under multiphoton incident light, which is called

the wavelength shifting efficiency (WLSE), is measured

instead. The WLSE is a result of the folding QE based on

the condition of the film and the optical configuration, and

is a more straightforward representation of the TPB film

performance in physics applications.

Although UV light from most liquid noble gases has a

wavelength of below 200 nm and cannot transport much

longer distances in air or in an acrylic form, in [1] a clear

relationship between the WLSE and incident light at dif-

ferent wavelengths is shown. The WLSEs at different

wavelengths share similar trends when they vary with the

film thickness [15]. This enables us to conduct our WLSE

measurement at a selected wavelength of 254.5 nm, even

without a vacuum environment. TPB is known to form at

least four polymorphic types of crystals, depending on the

deposition method applied [16, 17]. The optical response at

250 nm includes the absorption, and consequently, the

WLSE of these different types of TPB can be quite dif-

ferent [18]. It is also known that the scintillation yield of

macroscopic TPB crystals grown from a solution is much

higher than the yield of the evaporated coatings [19, 20].

Despite the differences in the deposition method, it is

assumed that the main results will still hold up in the same

way.

In this study, we first propose a different TPB coating

technique in Sect. 2. In Sect. 3, we then describe the

experimental setup used to measure the optical properties

from our TPB samples. in Sect. 4, an analysis method

follows to quantify the WLSE with an emphasis on the

geometrical acceptance ratio corrections. In Sect. 5, we

report the light reemission spectrum by our TPB samples

and make a comparison of the WLSE between our results

and those reported in a recent study. Finally, we provide a

summary of this research and some concluding remarks.

2 Fabrication with spin coatings

Without a loss of generality, we choose an acrylic disk

as the base material for a demonstration of the TPB coat-

ings owing to its high transparency within the wavelength

region of interest. A description of the spin-coating pro-

cedure is shown in Fig. 1.

Methylbenzene was used as the solvent for the TPB

powder, and its capability has been previously descri-

bed [21]. According to [22], the spinning speed is the

major factor affecting the thickness of the film, whereas the

duration does not have much significance.

We first sanded the surface of the acrylics and applied a

TPB solution to the target surface with methylbenzene as

our solvent. According to a previous study [23, 24], the

TPB solution is then spread during stage 1 and the solvent

methylbenzene volatilizes during stage 2. In this way, stage

1 has the greatest effect on the thickness of the film as the

TPB is carried in the spreading solution. We conducted

preparative experiments to find the proper speed and the

duration for stage 1. A small amount of solution is spread

during stage 2 owing to its viscosity, and the sample

thickness will no longer change, which allows us to choose

the parameters for stage 2 based on experience without a

loss of generality.

The solubility of TPB in methylbenzene was roughly

0.021 g/ml based on weight measurements conducted at

room temperature. A concentration of 0.02 g/ml was cho-

sen for the fabrication of the samples. The acrylic substrate

in a round shape was fixed on the spinning platform of the

spin-coating machine by a vacuum pump. The TPB solu-

tion was manually added to the center of the acrylic disk.

The spinning process consists of two stages with different

speeds and durations. Various combinations of speed and

duration were used in a preparative experiment. The key

parameters used to prepare the samples during the spin-

coating procedure are summarized in Table 1.

After the spinning procedure, the sample was placed on

a heated table at 70 �C for 2 min for drying. As determined

experimentally, the temperature and duration might not be

significant if the film is completely dried.

The fabricated sample appears to be rather uniform and

stable when touched by the finger. Further surface mea-

surements using SEM were conducted and are given in

Fig. 2.1 We saw tiny holes, which might have been caused

by the fast heating and drying processes. The more uni-

formly the TPB film is fabricated, the better the fabrication

method is applied during the particle experiments. An

investigation into the application of a proper temperature

and curing process to improve the surface roughness is

warranted. Samples were preserved in a dark environment

to prevent degradation [25, 26].

We then measured the thickness and roughness of dif-

ferent TPB films made using a spin-coating method. A

profilometer was applied for this purpose. Each sample was

scratched using a piece of metal to create a notch as a

requirement of the profilometer.

The left panel in Fig. 3 is a photograph of an acrylic disk

coated with a TPB film. Special types of samples, which

have only half of the surface covered by a TPB film, shown

in the right-side panel of Fig. 3, were made for roughness

and thickness measurements. These special samples were

1 The measurement was conducted on November 1, 2019. The raw

SEM image shows the wrong date owing to a software issue.

123

28 Page 2 of 9 H. Yang et al.



created using the same parameters used during the fabri-

cation process except half of their surfaces were protected

by a blank paper film before the TPB solution was added.

The paper film was removed after the TPB solvent was

completely dried. It was assumed that this half-pearl paper

film would not affect the thickness and roughness of the

TPB film. Figure 4 shows the scanning results of a half-

coated TPB film and a film scratched using a profilometer.

Each scan covered a 4-mm-long path and provided the

height along the path. It is thus safe to consider the results

of these paths as representing the properties of the entire

film because the film is almost uniformly distributed [27].

The peak at the boundary in the half-coated TPB sample

was caused by a protection film used during the fabrication

process. We consider this accumulation as the result of a

wet edge between the solution and the final film and

assume that the edge does not affect the TPB-coated area

far from the boundary. Thus, this peak is ignored during the

following steps.

In the result of a half-coated sample, the profilometer

scan path covered an edge of the TPB film such that both

surfaces of the TPB film and the acrylic substrate were

included. The average height of the coated part with

respect to the substrate was considered as the thickness,

and the uncertainties in the measurement of the unscrat-

ched part was considered as a representation of the

roughness. The measurements were repeated several times,

the results of which are shown in Table 2. The scans for the

scratched samples also used a 4-mm path. The obvious

valley indicates the scratch applied purposefully. The dif-

ference between the bottom of the valley and the baseline

is considered the thickness of this sample.

As shown in Table 2, the thickness of TPB fabricated

using the spin-coating method was thinner than the repor-

ted result made through the vapor deposition. Therefore, it

was expected that the WLSE herein was slightly lower than

the thicker sample produced by the vapor deposition.

3 Experimental setup

All apparatuses used in experiment are listed in Table 3.

A custom apparatus setup was built for measurements of

the spectrum and photocurrent. A schematic of this setup is

shown in Fig. 5.

We take a mercury lamp with a filter installed right in

front of the light exit window as the light source. The lamp

provides light waves ranging from 245 nm to 405 nm

according to the characteristic spectrum of mercury. The

spectra of the source light and reemission light overlap at a

wavelength of approximately 400 to 420 nm, which hinders

our optical measurement. Therefore, a second filter, an

interference filter with a transmission peak at a wavelength

of 254.5 nm, was introduced to generate an incident

monochromatic light.

Herein, the upper surface of the filter or TPB film is

considered as a light source. The spectrum measurements

of both incident light and reemission light are conducted

using a fiber spectrometer. The entrance of the fiber was

placed at a fixed position and angle. The counting of the

Fig. 1 Spin-coating procedure

Table 1 Parameters

Stage 1 Speed 700 r/min

Duration 6 s

Stage 2 Speed 1000 r/min

Duration 20 s

Concentration 0.02 g/ml

Fig. 2 The surface profile measured using a scanning electron

microscope (SEM) at the 5-lm scale

Fig. 3 A photograph of the fabricated sample is shown in the left

panel. Half-coated samples of TPB and the scanning path based on the

profilometer are shown in the right panel
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photocurrent was achieved using a silicon photodiode.

Owing to the strong absorption of UV light in air, the light

sensor, i.e., the photodiode or fiber entrance, was placed as

close to the light source as possible, meaning that the

detector touches either the lower surface of the filter or the

acrylic substrate.

A DC power of 5 V was supplied to the silicon photo-

diode set to work in photoconductive mode, which was not

compulsory but can slightly improve the photocurrent

measurements. The photodiode had been calibrated by the

vendor. This spectrometer covered the range from 200 to

800 nm. After a careful calibration, the fiber was supposed

to avoid bringing about systematic uncertainties. As the

data were supplied during each measurement, ambient

noise in the laboratory environment was measured and

subtracted with the help of a control and analysis software.

In principle, the two configurations used in the optical

measurement had slightly different geometries. A geome-

try-related correction is considered in our later analysis.

4 Analysis methods

WLSE is defined as the ratio between the reemission

light intensity and the incident light intensity produced by

the coated film. We first establish an optical model to help

with the data analysis. For a monochromatic light at a

wavelength of k, each photon with an energy of hc
k caused a

photocurrent of hcR
k , where R is the response of the photo-

diode [33]. Hence, the number of photons n can be cal-

culated using the photocurrent in the following equation:

n / I
hcR
k

: ð1Þ

Given a continuous light spectrum of SðkÞ (a normalized

factor), this equation can be transformed into the following:

n / I
R
dk hc

k RðkÞSðkÞ
: ð2Þ

Hence, the WLSE would be as follows:

WLSE ¼ ITPB

Iincident
�
R
dk0 hc

k0
Sincidentðk0ÞRðkÞR

dk00 hc
k00
STPBðk00ÞRðkÞ

� 1

A
; ð3Þ

where A is a geometrical acceptance ratio which roughly

represents the geometrical difference of the apparatus

configurations used to measure Iincident and ITPB. The

numerical value for the ratio of two integrals in the middle

of Eq. (3) is 0.96. In general, we need to measure the

photocurrent Iincident, ITPB using a photodiode, and spectrum

STPB, Sincident using a fiber spectrometer. To measure the

photocurrent of the light source, first, the TPB film was

removed and the filter surface was considered as our light

source. Next, during a measurement of the reemission

photocurrent, the TPB film was considered as the light

source. The photodiode was placed as close to the light

source as possible during each measurement. Thus, the

distance between the photodiode and light source is

determined by the thickness of the acrylics or filter.

Because the filter was thinner, the Si photodiode received

more light in the light source measurement because it was

indeed closer to the light source. A geometrical acceptance

ratio was introduced to consider the difference and make

Fig. 4 Results of the half-coated TPB and scratched samples using

profilometer scans

Table 2 Profilometer results

Measurements Thickness (lm) Roughness (lm)

1 0.15 0.051

2 0.17 0.100

3 0.22 0.074

4 0.19 0.081

Average 0.18 0.076

The roughness is represented by the standard error of the thickness

data

Table 3 A list of apparatuses for optical measurements

Apparatus Type

Spectrometer Ocean 2000 [28]

Profilometer KOSAKA ET150 [29]

UV light WFH-204b [30]

The filter Shengyakang

Si Photodiode LXD-66MQ

Spinner KW-4A [31]

Voltmeter DM3000 Series [32]
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our measurements more accurate and self-consistent. This

factor was determined by the geometry of the apparatus

configurations, which was simplified into the model shown

in Fig. 6 by means of geometrical optics.

Among the dimensions marked in Fig. 6, r2 and D were

measured in the laboratory with a precision of 0.01 mm,

whereas L was provided by the vendor. These values were

considered during the error propagations. Although the

uncertainty in L was not provided, we took a conservative

uncertainty at 0.2 mm. The other parameters such as r1 and

h were also measured using a micrometer but ignored in the

error propagation because their influence was determined

to be less than 0.1% in our estimation. To summarize,

uncertainties of r2, D, and L were considered and processed

for a further quantitative analysis.

Both the source light and reemission light are considered

as an even circular area Lambert source of the same size.

The silicon photodiode has a sensitive square-shaped area.

Suppose that P ðx1; y1Þ is a point on the area light source

and Q ðx2; y2Þ is a point on the photodiode. The intensity of

light, as measured by a luminous flux, received by Q will

decrease if Q is far from P or deviate from the exact front

of P, and for a Lambert light source, Q will receive the

following luminous flux:

dIQ ¼ B
cos2 h
r2

dSPdSQ; ð4Þ

where dSP and dSQ are surface elements near P and Q,

respectively, and B represents the brightness. Because we

are interested in their ratio, it is safe to take the brightness

B as 1.

In terms of the light reemission, there are two major

factors that can reduce the intensity of light. First, a

reflection occurs when light enters the surface of the acrylic

disk. Herein, we ignore multiple reflections such that the

reflected light will simply be lost. Second, light will be

attenuated exponentially in the acrylics. However, an

acrylic substrate is extremely thin, whereas the light

attenuation length in the acrylics at 420 nm is more than 1

m according to previous measurements [34]. This means

that the attenuation effect will be extremely weak. A

simple estimate tells us that the difference caused by an

exponential attenuation should be less than 0.5%. There-

fore, the attenuation effect can be safely ignored here. In

conclusion, an extra reflection factor has to be included to

describe a reduction in the light intensity owing to the

reflections occurring on the acrylics. The transmission

factor T remains the same when swapping indexes 1 and 2

in Eq. (6). Thus, T is simply factored in twice.

dIQ ¼ B
cos2 h
r2

T2dSPdSQ; ð5Þ

where

TðhÞ ¼ 1� 1

2
r2p þ

1

2
r2s

� �

¼ 1� 1

2

tanðh1 � h2Þ
tanðh1 þ h2Þ

� �2

� 1

2

sinðh1 � h2Þ
sinðh1 þ h2Þ

� �2
; n1 sin h1 ¼ n2 sin h2:

ð6Þ

Fig. 5 (Color online) Experiment setup used to measure the reemission spectrum using a spectrometer or the photocurrents using a photodiode

Fig. 6 Simplified model for geometrical acceptance ratio calculation.

D ¼ 0.583 cm for the reemission measurement and D ¼ 0.300 cm for

the source light measurement
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The transmission factor T is calculated according to the

Fresnel formula, assuming that incident light is not polar-

ized there with equal contributions from the P-wave (par-

allel) and S-wave (transverse). The calculation requires two

refractive indices from the air and acrylics, namely n1 ¼ 1

and n2 ¼ 1:489, based on the work in [35]. Figure 7 shows

how the reflection factor varies with the angle of incident

light.

It is necessary to integrate over the surface as follows to

obtain the ratio of light intensity at the source and the light

intensity received by a photodiode:

G ¼ IQ

Iall
¼ 1

Iall

ZZZZ

boundary

dIQ: ð7Þ

Note that the transmission factor only appears in the ree-

mission light measurement. Here, Iall is the total intensity at

the light source, which has the same value in both setups

and thus cancels each other out in the ratio. The boundary

of (x1, y1) and (x2, y2) is a circle and square, respectively,

with dimensions shown in Fig. 6. Parameter D is 0.300 cm

for the source light measurement and 0.583 cm for the

reemission measurement. Note that the shell of the pho-

todiode can potentially block the light. This is cross-

checked and safely treated in the integral, which is then

calculated numerically. The parameter G represents the

light detection efficiency of a photodiode. The geometrical

acceptance ratio A for different setups is given by the

following:

A ¼ Greemission

Gsource

: ð8Þ

We immediately calculate the results for Greemission ¼ 59:28

and Gsource ¼ 69:86. We then obtain the geometrical

acceptance ratio at 0.848. This value is smaller than 1,

indicating that the photodiode is less likely to receive the

reemission light than the source light, which is mainly

because the acrylic surface reflects the former. Because the

light source is much larger than the photodiode, this factor

is insensitive to a horizontal movement of the photodiode,

which provides a high tolerance for the deviation of pho-

todiode placement by hand. As mentioned above, the

geometrical acceptance ratio A is determined by r2, D, and

L. Errors among the measured values will eventually be

propagated in the results.

5 Results

5.1 Photocurrent and spectra

The spectra of incident light and reemission light are

shown in Fig. 8. The reemission spectrum matches the

results reported in Ref. [1], which indicates that the solvent

and coating process will not affect the TPB properties.

These spectra will be used in the calculation of the

WLSE.

A 100 kX resistor is connected to the photodiode in

series for reading out the voltage of the photocurrent. Note

that this resistor value will be canceled at a particular ratio

and in the end will not contribute to any uncertainties. We

actually replace the photocurrent with the generated

Fig. 7 (Color online) The transmission factor T varies with the angle

of incident light

Fig. 8 UV light source, TPB reemission spectrum, the response

spectra of the Silicon photodiode
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voltage signal in Eq. (3) to avoid measuring the resistor,

which brings about an extra uncertainty.

To guarantee the validity of our results, photocurrent

measurements of the light source and the TPB reemission

were carried out 6 and 11 times, respectively. The UV light

source was turned off between each measurement to avoid

an increase in the photodiode temperature, which will

further affect the photocurrent. The photocurrent is 341.8

± 8.4 mV, which is labeled as Ui in the source light

measurement, and 79.6 ± 1.9 mV in the reemission mea-

surement, which is labeled as Ur, with the error being the

standard deviation. The dark current is 4.1 ± 0.1 mV,

which is labeled as Ui�dark in the source light measurement,

and 4.8 ± 0.1 mV in the reemission measurement, which is

labeled as Ur�dark. The dark current is then subtracted

during the analysis.

5.2 Uncertainties

As mentioned above, we must consider the uncertainty

of the WLSE propagated from the voltage signals and the

geometric measurements. For the voltage measurements,

we have to include the incident light voltage, reemission

light voltage, and their respective dark counts. The preci-

sion of the voltmeter used goes to a level of 0.0001 mV.

The statistical uncertainty comes from the standard devi-

ation of the light voltage with its own dark voltage sub-

tracted. The systematic error is calculated according to the

precision of our voltmeter. The partial derivatives WLSE

with respect to these values will then be calculated ana-

lytically. For geometric measurements, we also use the

standard deviations as statistical errors and calculated the

systematic errors from the precision using a micrometer.

Note that these values take part in the numerical integral in

Eq. (7). Thus, the partial derivatives of the WLSE will be

calculated numerically.

We present a list of uncertainties in Table 4, which

covers all values we measured along with their precision

and standard deviation (Stdev). The notation for each value

is defined there as well. If we define the combined

statistical uncertainty SA with vA as its degree of freedom

and the systematic uncertainty SB with vB as its degree of

freedom, we can list the formula and results of the error

propagations as follows:

SA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X4

i¼1

ðof =oxi � SiÞ2
vu
u
t ; ð9Þ

vA ¼ S4A
P4

i¼1
ðof=oxi�SiÞ4

vi�1

; ð10Þ

SB ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X7

i¼1

ðof=oxi � uiÞ2
vu
u
t ; ð11Þ

vB ¼ S4BP7
i¼1ðof=oxi � uiÞ4

; ð12Þ

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2A þ S2B

q
; ð13Þ

v ¼ S4

S4
A

vA
þ S4

B

vB

: ð14Þ

We checked the coverage factor tp and the corresponding

degrees of freedom v from the t-distribution table [36]. The

uncertainty of the WLSE can be obtained as DWLSE =

tpS ¼ 0:044 at the 95% confidence level (C.L.).

5.3 WLSE

The result of the WLSE based on our TPB samples is

0:251� 0:044 on average at 95% C.L. This result is in line

with the trend of the measurements described in [1], where

the WLSE of a 0.7 lm TPB film is approximately 0.4 lm.

(The thicknesses of our samples are approximately

0.18 lm, as shown in Table 2.) Recall that the WLSE as a

property of the film is determined by the intrinsic property

of the TPB material, the QE, and the optical setup. It is

therefore reasonable to expect that the WLSE here will

decrease as the film becomes thinner.

Table 4 A list of uncertainties

in the measurements
Index (i) Name SD (Si) Precision (ui) (of=oxi) Measuring times

1 Ui 8.394 0.0001 mV - 0.00074 23

2 Ui�dark 0.075 0.0001 mV 0.00074 5

3 Ur 1.881 0.0001 mV 0.0033 24

4 Ur�dark 0.108 0.0001 mV - 0.0033 6

5 r2 0.01 mm 0.042 1

6 D 0.2 mm - 0.049 1

7 L 0.2 mm - 0.0054 1
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6 Conclusion

We successfully fabricated stable and well-functioning

TPB films on acrylic disks using a spin-coating method.

We measured the thicknesses of the films as approximately

182 nm, and the surface was proven to be rather uniform

based on an SEM analysis. We established an experimental

setup to measure the optical properties of the TPB films.

We checked the TPB reemission spectrum, which perfectly

matches the result reported in a previous study [1]. The

WLSE in our samples reached 25:1� 4:4% at the 95%

C.L., which is similar to the TPB samples prepared using

the vapor deposition method. The preliminary results show

the feasibility of the spin-coating techniques, although for

mass production, further research and development are

required. The tuning parameters used in the spin-coating

procedure will likely increase the WLSE and meet the

requirements of different experiments. One of the short-

comings in the spin-coating method remains how to deal

with large panels without a round shape. Current com-

mercial instruments can no longer be applied. However, the

relative velocity between the TPB liquid solution and the

substrate meets the requirements of physics. For large-scale

applications, we might have to spread the liquid solution

onto the surface by adapting a well-designed jig and heater

to fit the detector with a particular geometry. We will also

have to improve the procedure for use in a clean room in

the near future to avoid a radioactive background, which

hinders the current technologies applied during the DM and

the neutrino experiments. We expect this simple WLS

coating technique to be optimized for future neutrino and

dark matter detector constructions.
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