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Optical constants of methyl-pentaphenylsilole by spectroscopic
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The optical properties of 1-methyl-1,2,3,4,5-pentaphenylsilole thin films grown on silicon substrate
were investigated using spectroscopic ellipsomé&sfy). Accurate refractive inder and extinction
coefficientk, in the wavelength range of 250 to 800 nm, were determined. Sellmeier equations,
amorphous semiconductor model, and a three-oscillator classical Lorentz model were used to fit the
data in different spectral ranges. A band gap of 2.78 eV and uv absorption peaks at 368 and 263 nm
were derived from the SE spectrum. Additionally, the absorption spectra near the major band edges
show optical properties similar to that of an amorphous semiconductoRO@ American Institute

of Physics. [DOI: 10.1063/1.1512312

I. INTRODUCTION II. SPECTROSCOPIC ELLIPSOMETRY

Organic light-emitting diode$OLEDS) have attracted a Spect_rosgopic ellipsometry is a nondestructive optical_
great deal of attention because of their great application poQharacterlzatlon technique that has been used for the analysis

tential and excellent properties such as high luminance, lo' °rganic materflaLs andl device perfforrg:aﬁéet :csl_bz;sedf?n g
power consumption, and full color capabilttyOLEDs are measurement of the polarization of a beam of light reflecte

also relatively easy to manufacture and package. The mogom the surface of the sample at a known angle of inct-
. o s ence. Thus no reference samples are needed for calibration.
commonly used emitter material is {8hydroxyquinoling

. . Two parameter and A) are measured as functions of
aluminum (Alg) which can also act as an electron transport b sy )

layer. Conventional undoped small-molecule OLED usirlgwavelength and the angle of ipc;idenge. These parameters are

’ . . - related to the complex reflectivity ratja
Alg; can achieve a high external quantum efficiengy of
1.5%?2 Recently, We found a fluorescent organic emitter, r _
1-methyl-1,2,3,4,5-pentaphenylsilole(MPS), that can p= r—p=tan¢‘e'A, (1)
achieve a highyoe of 8%2 However, much of the optical s
and electrical properties of this new compound are unknownyherer andr , are the complex reflection coefficients for
It is therefore the objective of this paper to measure the optight polarized perpendicular and parallel to the plane of in-
tical constants of this new material, including the refractivecidence, respectively. A model for the optical structure of the
index n and the extinction coefficierk. These optical con- sample is constructed after data are acquired covering the
stants are needed for optimizing the design of this devicedesired spectral range and angles of incidence. The Fresnel
such as in microcavities, as well as in understanding properequations with the assumed model are then used to predict
ties such as external light coupling efficierfcy. the expecteds and A data for the wavelength, and angles of

In this study,n andk were measured using spectroscopicincidence chosen. Data fitting is then applied by adjusting
ellipsometry(SE). We found that it is possible to fit the op- the model parameters to find the best-fit values. The
tical dispersion of andk using different models in different Marquardt—Levenberg algorithm is most commonly used to
wavelength regions. The data were interpreted in terms of afuickly determine the model that exhibits the smallest differ-
absorption peak in the blue region and two secondary pealk&ce between the measured and calculated values. The dif-
in the uv. The absorption peak from SE corresponds welference is quantified by using mean squared eiMBE) as
with the band gap of MPS, measured by absorption spectroglefined by
copy and cyclic voltammetr¢CV). It was also found that the
absorption spectra near the band edge could be well fitted by
treating MPS as an amorphous semiconductor. Finally, we
discuss the implication of our results on the photon extract-
ing efficiency of the emitting devices. (cosA{V'Od— cosAiEXp) 21
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Image Statistics

Img. Z range 6.034 nm
Ing. Mean 0.000000 nm
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FIG. 2. AFM image of the MPS surface with a size ofx81X 3 wm show-
ing the rms surface roughness about 8 A.

IV. MODELING AND DATA FITTING

FIG. 1. Structure of the MPS molecule. First, it is important to independently assess surface
roughening because the presence of roughness has an impact
on the accuracy and precision of film thickness and optical
constant measurements. Figure 2 shows the topography of
MPS measured by AFM. The rms surface roughness is less
than 8 A. Such small roughness can be ignored in SE mod-
Figure 1 shows the structure of the MPS molecule. It isellng W|thou_t affecting th_e f|tt|_ng results. Thus, a four-phase

. o ) ._model (ambient/MPS/oxide/$iwas assumed for regression
a substituted siliole, of which there are several other varia- . - . . .
. o . S analysis, as shown in Fig. 3. In this model, the optical dis-
tions. The organic film layer was deposited on silicon wafer ; . : . .

ersion of the native oxide layer was described by a dielec-

b_ecause of the h|gher reflt_ec_tance of the substrate and henEr(Fc function for a thermal oxide. The optical constants of the
higher accuracy in obtaining the reflectance data. Th

ise is that th ical t the MPS film shoul i substrate were obtained from Jellison.
premise is that the optical constants of the lim shou For MPS layer, thickness and all the optical constant

not depend on whether the substrate is glass or silicon. The,a1e narameters can be set to be fixed or free for fitting. In
silicon substrates were cleaned in 10:1 Piranha solution fO{he following fitting procedure, the adopted model param-
10 min to remove organic contaminants and particles andiers and the thickness of MPS were all freely varied. The
then dipped in HF solution for oxide stripping. This was thenyps Jayer was assumed to be isotropic, which is reasonable
followed by rinsing in DI water and Ndrying. After clean-  gye to its small thickness<100 nm) and random orientation
ing, the substrate was transferred immediately to the vacuumf the molecules. Since MPS is transparent in the visible
chamber for OLED thin film deposition. Another quartz sub-range, Selimeier dispersion formula was used to represent
strate was prepared at the same time for calibration. The filnthe optical properties of the thin films. The Sellmeier equa-
deposition experiment was performed using Dentor DV502ions used are
thermal evaporator. The MPS powder was put in a dimpled

IIl. EXPERIMENTAL PROCEDURE

2

sheet-metal tungsten boat, with two substrates placed about N)2=A+ 3)
20 cm above. The substrate was rotated during evaporation A2—C?’
to enhance the film thickness uniformity. The MPS film was

k(\)=0, 4

deposited at a rate of 3 A/s under a base pressure of 2
% 10 8 Torr. The final thickness of the sample, as measureavhereA,B, and C are fitting parameters andis the wave-
with a quartz crystal monitor, was 1020 A. The thicknesslength of incident light. Using this model, a best fit was
reading from the quartz monitor was calibrated using a surebtained in the range of 450 to 800 nm. The best fit thickness
face profiler. The SE measurement was done at room tem-
perature withi 3 h after sample preparation. The surface

morphology of the samples was also checked by means of an Ambient, n=1
ex situatomic force microscopyAFM), using a Digital In-

struments Nanoscope |. The AFM images were acquired in dz MPS

the repulsive force regime with a force constant of the order

of 1 nN between the AFM tip and sample surface. di=1nm native SiO,

We used a Jobin—Yvon UVISEL phase-modulated spec-
troscopic ellipsometer for the SE measurement. The incident
angle was set at 70°. The measurement was performed over
the spectral range from 250 to 800 nm, with sampling steps
of 5 nm. The ellipsometry data was fitted by the CommerCialFIG. 3. The four-phase structure model for the MPS sample and the mo-
software DeltaPsi 1.4 from Jobin—Yvon. lecular structure of MPS.

do=0.5mm Si
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TABLE |. Best-fit parameter values resulting from regression analysis of
ellipsometric measurements by the Sellmeier model

A B C Thickness (A) MSE

1043.4 X605

0.2

1.836
0.082

0.701
0.078

269.3
9.2

Value
Uncertainty

Tan(Psi)

of the MPS film was 1043 A which was very close to the

crystal oscillator measurement. All the best-fit parameter val-
ues and the uncertainties are list in Table I. The fitted native
oxide thickness was 11 A with an uncertainty of 1 A. In the

following fitting procedures, the native oxide thickness was
fixed at this value.

When we extended the fitting range to shorter wave-
length, the MSE became much larger. This indicated that the
Sellmeier transparent model became insufficient in the range
A <450 nm, which meant the absorption could not be ne-
glected. This is obvious since there are absorption bands i
the blue-uv region. We then tried to use the classical Lorentz
oscillator model(LOM) with three oscillators to fit the whole
data range. In LOM, the dielectric function is expressed as

e=(n—ik)?
(830_85)0)3 fjw'zl'j

2
wq

©)

gt

J

wheree., is the high frequency contribution to the dielectric
constantgg is the static dielectric constant, is photon fre-
quency,wy; is the j4, resonant frequency, is the | oscil-
lator strength, and; is thej™ damping constant. Best fitting
was obtained with a MSE of 0.001. The best fit parameter

—w’+iyow ] w% w2+i7jw
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values are given in Table Il. Figure 4 shows the calculateg; 4 Experimental data and the best fit curves @rtan(y) and (b)
tan(¥) and cosd) values. It can be seen that they agreedcosp) at an incidence angle of 70°.

well with the experimental data in the whole measurement
range except in the range of 350 to 500 nm. A four-ocsillator
LOM was attempted but no significant improvement to the
fitting was achievable. It is believed to be due to the lack of
experimental data in shorter wavelengths. The two reso-
nances obtained in the uv region in Table Il are sufficient to
describe the data.

As mentioned above, LOM cannot fit the experimental
data well in the range of 350 to 500 nm, which is actually

near the absorption band gap edge. In this region, we tried tyhere

use the amorphous semiconductor model for the dispersion
of MPS. This model was developed by Forouhi and Bloomer
(FB).% It is particularly efficient for semiconductors and
amorphous dielectric materials, especially in a small energy
range® According to the FB modeln and k can be ex-
pressed as function of the transition eneky

BoE+Cy

n(E)=@+—E2_BE+C,

_ _ 2
k(E)_EZ—BE+c(E s
_2A B?
BO——m —7+EQB—EQ+C ,
C A E2 (:Bi2 2E,C
o~ Jac e ot P2 THRC)

TABLE Il. Best-fit parameter values resulting from regression analysis of ellipsometric measurements by the Lorentz oscillator model.

(6)

@)

()

C)

s e wo (V) v, (eV) fq w; (V) v, (eV) f, w, (V)  y,(eV)  Thickness (A)
Value 1556  2.353 6.519 0.005 0.035 3.337 0.373 0.144 4,759 0.917 1049.5
Uncertainty 0.132  0.019 0.28 0.089 0.003 0.005 0.021 0.026 0.025 0.080 3.4
MSE 0.001
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TABLE Ill. Best-fit parameter values resulting from regression analysis of Figure 6 shows the absorption coefficient derived flom
ellipsometric measurements by the FB model. value according to the well-known relationship

£ A B C Eg(eV) Thickness MSE 4k
(R) a=——, (10)
Value 2756 0.041 6.192 9.669 2.779 10459 X®° o ) o o
Uncertainty 0.008 0.002 0.020 0.034 0.007 1.3 where\ is in cm. Two absorption peaks, as indicated in Fig.

6 are at 368 and 262 nm. We also measured the absorbance
of the sample with MPS film deposited on quartz substrate
) _ N ) using a spectrophotometer. Two peaks are observed from the
In this model A is related to the position matrix element of absorption spectrum inserted in Fig. 6, at 369 and 252 nm,
electron transitionB is proportional to the transition energy respectively. The agreement of measuring peaks with the fit-
gap, C is related to damping factor of the transition andtjng values is very good. Those absorption peaks from the
energy gapg.. is the asymptotic value of whenE tends t0  fitting data correspond to transition energies 3.37 and 4.76
be very large and, is the band gap energy. As shown in gy ysing the Lorentz model. The associated damping con-
Fig. 4, the fitting using the FB model agrees very well with gtants are 0.373 and 0.917 eV, respectively. In the Lorentz
the experimental data. Th«_a best fit parameters are given iﬁHodeI, the damping coefficientg are related to the homo-
Table IIl. Note that the thicknesses of the MPS layer ob-yeneous broadening linewidths in the absorption spectra by
tained by thg _three mode_ls_ are almost same, which is a neg;, — yl27r. The inverse ofy gives the dephasing time of the
essary condition for the fitting process. electronic transition corresponding to the resonance. From
Table I, the dephasing times are ¥10 '*s and 4.5
V. RESULTS AND DISCUSSION X 10 1® s, respectively. These are typical numbers for amor-

. . . . phous solidg?
gepmmipical properte of OLED mterl re ssental) " te egion near the main absorpton ek i e i
related to the refractive indexand extinction coeléficienk. ible, the B model IS more sunable_to fit the da_ta. This is in
With fitted dispersion models, theandk of MPS as a func- agreement with the fact that MPS IS an organic amorphous
. ! . R semiconductor. In amorphous semiconductors, Kiselec-
tion of wavelength from 250 to 800 nm are given in Fig. 4.

Note that then. andk values are calculated using the besttion rule is relaxed due to the disordered structure. In fact,
’ 9 the wave vectok cannot be defined owing to lack of peri-

f'g'i?]? ir:ct’ﬁgl?ul:]] d?;fraeerﬁtnatl V;i\éilfr:%g gngee'vcv)hni;:n;?;ﬁgg?odic structures. It is assumed thd) in a limited range of
P P 9e, hoton energy, the energy dependence of the transition is

itself by a rapid change in absorption, can be used to dete 1eglected, that is, the momentum matrix element is constant,

mine the energy gap of the semiconductor. Figure 5 showgnd (2) the extended states of the valence and conduction

Fhat when th? wavelength S less than 450 nm, khelue ._bands whose density of states have a square root dependence
increases quickly. That |nd|c§tes the fundamental absorptlogn phonon energy. Under these assumption the absorption is
edge is at about 450 nm, which pqrresponds to the band 9%slieved to take place between extended states and is de-
of the MPS. In fact, one of the fitting parameters of the FB cribed a¥

model is the band gap energy. The fitting result is 2.78 eV.S

We also used cyclic voltammetfZV) to measure the high- (aE)"?=BY(E-E,), (11)

est occupied molecular orbitdHOMO) and lowest unoccu-
pied molecular orbitalLUMO) levels of MPS. The mea-
sured HOMO and LUMO levels were—3.05 and

—5.82eV, respectively, which gave a band-gap energy og

2.77 eV. This value is very close to that obtained by SE

where B is a proportional constant independent of photon
energy andB*? gives a measure of disorder effect in band
dge. Eq(11) predicts a linear dependence offf)Y/? on the
hoton energy. Figure 7 shows the spectral variation of the

measurement.
5
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FIG. 5. Refractive index and extinction coefficient of MPS obtained by FIG. 6. Comparison between experimentalse) and fitted absorption
spectroscopic ellipsometry. spectra.
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400 et al. reported thaty was 1h? in a “close” mirror configu-

¢ Data from SE fitting ration considering the interference from the cathode mfrror.
Recently, Kimet al. pointed out the efficiency should be
0.75h? to 1.2h?, depending on the alignment conditions of
emitting dipoles. Using the average figure of 7, the
maximumnge of the MPS OLED should be 9%. Thus the
external quantum efficiency of 8% obtained in our experi-
ment does not violate the theoretical lifit.

Theory
[O!,*E]=B*(E-2.8)2

VI. SUMMARY

In summary, we have used spectroscopic ellipsometry to
24 26 28 3 32 34 investigate the optical properties of intrinsic MPS grown on
Photon energy E (eV) silicon substrate by thermal evaporation. The SE spectra
FIG. 7. Fitting of the absorption edge data to the amorphous semiconductopévlere modeled by u§|ng Sellmeier appro>§|ma_t|on, Forouhi—
model. oomer, and classical Lorentz models in different wave-
length ranges. These models provide a good description of
the obtained SE spectra. Accurate refractive index and ex-
tinction coefficients in a wavelength range from 250 to 800
absorption coefficient for MPS as compared to the theoretinm were obtained. The derived absorption spectra agree well
cal predictions. The band gap energy in theoretical modejyith that measured by spectrophotometry. In addition, the
uses the fitting value 2.8 eV. We note that near the band edgenergy gap of the material is derived from the FB model with
the photon energy is from 2.77 to 3.2 eV in our experimentg value that is very close to that obtained by CV measure-
the sharp absorption edge is best fitted by the-€,)” de-  ment. By studying the optical absorption properties near the
pendence. It is also interesting that the obtained valuB, of hangd gap, it is concluded that the organic material is very

which is 4.9<10°cm™* eV *, is similar to those of many similar to amorphous inorganic semiconductors in terms of
amorphous semiconductdsThose results agree well with optical properties.

the absorption model for amorphous semiconductors.
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