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Fabry—Perot microcavities were used for the enhancement and inhibition of photoluminescence (PL) in a hy-
drogenated amorphous silicon nitride (a-SiN, :H) microcavity fabricated with and without ammonia. A pla-
nar microcavity was realized that included a metallic back mirror and an a-SiN, :H-air or a metallic front
mirror. The PL extends from the red part of the spectrum to the near infrared for the samples grown without
ammonia. The PL is in the blue-green part of the spectrum for the samples grown with ammonia. The PL
amplitude is enhanced and the PL linewidth is reduced with respect to those in bulk a-SiN, :H. The numeri-
cally calculated transmittance, reflectance, and absorbance spectra agree well with the experimentally mea-
sured spectra. © 1998 Optical Society of America [S0740-3224(98)00211-2]

OCIS codes: 230.5750, 250.5230, 310.0310.

1. INTRODUCTION

Interest in silicon as a material for optoelectronics has in-
creased recently. With modern processing techniques it
will be possible to integrate lasers, photodetectors, and
waveguides into optoelectronic Si motherboards to route
and modulate optical signals within such Si mother-
boards. Silicon oxide (SiO,) and silicon oxinitride (SiON)
have both been used in Mach—Zehnder interferometers.’
Hydrogenated amorphous silicon (a-Si:H) has already
been used for planar waveguides.?

One advantage of a-Si:H is that it can be deposited by
plasma-enhanced chemical vapor deposition (PECVD)
onto almost any substrate at temperatures below 500 K,
which makes it compatible with microelectronic technol-
ogy. Another advantage of a-Si:H (Ref. 3) and of porous
silicon* is that they attract interest as potential optical
gain media because of their room-temperature visible
electroluminescence (EL) and photoluminescence (PL).
Visible EL has already been obtained from a pn-
heterojunction a-Si:H—porous silicon optoelectronic
device.?

Because of their unique optical properties, microcavi-
ties and more recently photonic bandgap materials con-
tinue to attract attention.® In a microcavity, two electro-
magnetic and quantum electrodynamic effects occur.
First, the microcavity acts as an optical resonator for light
rays with specific wavelengths. These wavelengths cor-
respond to the optical modes of the microcavity. Second,
in a microcavity the photon densities of states are en-
hanced at the cavity resonances (optical modes) compared
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with the continuum of photon states of a bulk sample.
The spontaneous emission (luminescence) cross sections
at the microcavity resonances are larger than the bulk
spontaneous-emission cross sections because of the en-
hanced photon density of states.” Also, the luminescence
cross sections between the microcavity resonances are
smaller than the bulk spontaneous-emission cross sec-
tions. Alteration (i.e., enhancement and inhibition) of
spontaneous emission in planar microcavities has been
both  observed experimentally® and calculated
theoretically.’

These properties of the microcavities are used in
resonant-cavity-enhanced (RCE) photonic devices, which
are wavelength selective and ideal for wavelength-
division multiplexing applications such as RCE
photodiodes,'® RCE light-emitting diodes,!! vertical cav-
ity surface emitting lasers,’> and microdisk!® and
microwire! lasers.

Planar microcavity effects on the PL of porous silicon
as well as of Si/Si0O, superlattices!® have already been re-
ported. Recently we observed visible PL from a-Si:H as
well as from its oxides (a-SiO,:H) and nitrides
(a-SiN, :H) grown by low-temperature PECVD.1"1® In
this paper we report, for the first time to our knowledge,
the alteration of PL in an a-SiN, :H Fabry—Perot micro-
cavity fabricated with ammonia (NHj) together with si-
lane (SiH,) and nitrogen (Ny). For the a¢-SiN, :H grown
without NH; the PL extends from the red to the near-
infrared parts of the optical spectrum. However, for
a-SiN, :H grown with NHj the PL is in the blue-green
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part of the optical spectrum.!® Although the exact
mechanism of the occurrence of PL in bulk «-SiN, :H is
still under discussion, we have suggested'® the use of a
quantum-confinement model.2*?! It was proposed that
our samples should consist of small a¢-Si clusters in a ma-
trix of a¢-SiN,:H. The regions with Si—H and Si—N,
which have larger energy gaps because of the strong
Si—H and Si—N bonds, isolate these a-Si clusters and
form barrier regions around them. The PL originates
from the a-Si clusters.

We intend to conduct experiments, such as current
voltage, current optical power, and EL measurements, to
study the electrical and optoelectronic properties of our
a-SiN, :H Fabry—Perot microcavities.

2. EXPERIMENTAL SETUP

The room-temperature reflectance and transmittance
measurements were made at 0° with respect to the sur-
face normal and with a spectral resolution of 2 nm. The
room-temperature PL spectra were measured with a spec-
tral resolution of 0.1 nm. The PL spectra were then cor-
rected for the responsivity of the spectrometer and the
photomultiplier tube. An Ar* laser with a wavelength of
514.5 nm (or 457.9 nm) and a power of 420 mW was fo-
cused with a 15-cm focal-length cylindrical lens upon
samples grown without (or with) NH;. The PL spectra
were taken at 0 = 3.6° with the excitation laser at 30°
with respect to the surface normal. During the PL mea-
surements the temperature of the sample was not con-
trolled, and there could be local heating owing to the poor
thermal conductivity of the substrates. Local heating re-
duces the PL efficiency and broadens the PL linewidth.??
However, the local heating did not seriously affect the
general shape and features of the PL spectra. As we
show, in the PL spectra, even though there might have
been local heating, we observed strong PL from the
samples, and the PL was enhanced by the Fabry-Perot
resonances.

3. HYDROGENATED AMORPHOUS
SILICON NITRIDE MICROCAVITY
FABRICATED WITHOUT AMMONIA

The microcavity fabricated without NH; had a Au back
mirror and an @-SiN, :H-air interface front mirror.
First we coated the thin glass substrates with a 100 nm of
Au to fabricate the high-reflectance back mirror. Then a
thin layer of a-SiN, :H was deposited onto the Au-coated
substrates by PECVD. The flow rate of the PECVD gas
(2% SiH, in N,) was 180 SCCM (SCCM denotes cubic cen-
timeters per minute at STP), the radio frequency power
was 10 W, and the pressure in the deposition chamber
was 1 Torr. The metric thickness (L) of the a-SiN, :H
layer grown without NH3 was 1400 = 100 nm.

A. Transmittance, Reflectance, and Absorbance of
a-SiN, :H Microcavity Fabricated without Ammonia
Figures 1(a), 1(b), and 1(c), respectively, show the mea-
sured and calculated transmittance, reflectance, and ab-
sorbance spectra of the a-SiN, :H microcavity fabricated
without NH;. We obtained the absorbance spectrum by

Vol. 15, No. 11/November 1998/J. Opt. Soc. Am. B 2707

100 . , r

~ 80} @)
o\ o
© [ —— experimental ]
8 o f porimental
8 [ ——calculated
g 40 a-SiNx:H
8 C glass
F 20

0 ™ 1 n 1 n 1 L

400 500 600 700 800 900

100 - ,
[ —eXxperimental

_ef ©
2 - ——calculated
§ € a-SiNx:H
o] [
§ my glass
2 [
S Y VAVAVAV/

0 [ Il L L L L

100
< 80 [ experimental ;
< C — calculated
g 60¢f 1
S r a-SiNx:H
E 40 ' glass
< 20f @©

ok

400 500 600 700 800 900
wavelength (hnm)

Fig. 1. Experimental and theoretical transmittance, reflectance,
and absorbance spectra of an a-SiN, :H microcavity fabricated
without NHj.

subtracting both the reflectance and the transmittance
spectra from unity, i.e., 100%.

In the calculations the total transmitted and the re-
flected electric fields for each wavelength were obtained
with an absorbing Fabry—Perot microcavity model. In
this model we assumed the sample to be a one-
dimensional absorbing dielectric slab. We obtained the
experimentally measured absorbance spectrum by sub-
tracting both the experimentally measured transmittance
and the reflectance spectra from 100%. This experimen-
tally measured absorbance spectrum was then incorpo-
rated into the calculations of the transmitted and re-
flected electric fields. The calculated transmittance and
reflectance at each wavelength were obtained from their
respective electric fields. Later, as a final check, the cal-
culated transmittance and reflectance intensities were
subtracted from 100% to yield the calculated absorbance.
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The theoretical fit to the experimental spectra was ex-
tremely good. The metric thickness of the a-SiN, :H was
L = 1376 nm (which agrees well with the experimental
thickness of 1400 = 100 nm), and the refractive index
was n = 2.1. Both the transmittance (maxima) and re-
flectance (minima) spectra showed Fabry—Perot reso-
nances at wavelengths (\,,), satisfying the microcavity
resonance condition

2Ln
Npp = —, (1

m
where m is the quantized mode number, L is the metric
thickness, and n is the refractive index of the microcavity.

The mode numbers of these resonances were found to
range from m = 11 (Aq; = 545nm) tom = 7 (\; = 835
nm). The resonances had linewidths of AN = 35 nm and
quality factors of @ = 20. Below 600 nm the resonances
started to wash out because of absorption of the
a-SiN,:H. The loading of the resonances by the
a-SiN, :H absorption stopped above 600 nm.

B. Photoluminescence of a-SiN, :H Microcavity
Fabricated without Ammonia

Figure 2(a) shows the PL of the a-SiN, :H microcavity
fabricated without NH3; whose transmittance, reflectance,
and absorbance spectra were shown in Fig. 1. The PL in-
tensity was modulated by the weak Fabry—Perot reso-
nances, which correlate well with the maxima of the
transmittance spectrum of Fig. 1(a) and the minima of the
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Fig. 2. PL spectra of an a-SiN, :H microcavity fabricated with-

out NHj (a) without the Au back mirror and (b) with the Au back
mirror.
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reflectance spectrum of Fig. 1(b). The red—near-infrared
PL had a broad linewidth (240 nm), which shows that
a-SiN, :H is a novel photonic gain medium.

Figure 2(b) depicts the PL of the a-SiN, :H microcavity
with the Au back mirror. The Fabry—Perot resonances
had experimental and theoretical linewidths of AM
= 25nm and quality factors of @ = 30. The metric
thickness of the a-SiN, :H microcavity with the Au mirror
was L = 1438 nm (which agrees well with the experimen-
tal thickness of 1400 = 100 nm) and a refractive index
n = 2.1. The PL was modulated by the strong Fabry—
Perot resonances. The mode numbers of these reso-
nances ranged from m = 11 (A;; = 558 nm) to m = 7
(N7 = 874 nm).

The PL spectra of Fig. 2 were obtained under the same
experimental conditions. Comparing the two spectra in
Fig. 2 shows that the PL of the microcavity with the Au
mirror has three noteworthy features with respect to the
PL of the a-SiN, :H: (1) there is a 2X increase in the
overall spectrum average (i.e., averaging out the Fabry—
Perot resonances), (2) there is a 4X enhancement of the
PL peaks, and (3) the PL dips have similar amplitudes.

The 2X increase is due to the round trip of the excita-
tion Ar" laser in the Fabry—Perot cavity as a result of the
presence of the Au back mirror. Because the wavelength
of the Ar* laser is nonresonant, the input laser light did
not resonate in the cavity, which would have enhanced
the PL further. The 4X enhancement at the resonances
are clearly due to the combined effect of the enhancement
of the PL by the cavity resonances with that of the input
laser reflecting from the Au back mirror. That the PL
dips have the same amplitude in both spectra is due to in-
hibition of the PL between the resonances.

4. HYDROGENATED AMORPHOUS SILICON
NITRIDE MICROCAVITY FABRICATED
WITH AMMONIA

The microcavity fabricated with NH; had an Al back mir-
ror and an a-SiN, :H-air interface (or an a-SiN, :H-Al
partially transmitting) front mirror. First we coated the
thin Si or quartz substrates with 100 nm of Al to fabricate
the high-reflectance Al back mirror. Then we deposited a
thin layer of a-SiN, :H onto the Al-coated substrates by
PECVD. The flow rates of the PECVD gases were 180
SCCM for 2% SiH, in Ny, and 10 SCCM for NHj, the rf
power was 10 W, and the pressure of the deposition cham-
ber was 1 Torr. The metric thickness (L) of the
a-SiN, :H layer grown with NH; was 1000 * 100 nm.
Finally, the samples were annealed in a forming gas at-
mosphere at 600 °C for 10 min. For the Al partially
transmitting front mirror microcavities a thin (approxi-
mately 10-nm) layer of Al was deposited upon the an-
nealed samples.

A. Transmittance, Reflectance, and Absorbance of an
a-SiN, :H Microcavity Fabricated with Ammonia
Figures 3(a), 3(b), and 3(c), respectively, show the mea-
sured and calculated transmittance, reflectance, and ab-
sorbance spectra of the a-SiN, :H microcavity fabricated
with NH;. We obtained the absorbance spectrum by sub-
tracting both the reflectance and the transmittance spec-
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tra from unity, i.e., 100%. The calculations were per-
formed with the absorbing Fabry—Perot microcavity
model described above.

The theoretical fit to the experimental spectra is ex-
tremely good. The metric thickness of the a-SiN,:H
grown with NH; was L = 963 nm (which agrees well with
the experimental thickness of 1000 = 100 nm), and the
refractive index was n = 1.6. Both the transmittance
(maxima) and the reflectance (minima) spectra showed
Fabry—Perot resonances at wavelengths (\,,) that satis-
fied the microcavity resonance condition of Eq. (1). The
mode numbers of these resonances ranged from m
= 7(\y = 461nm) to m = 4(\y = 760 nm). The reso-
nances had linewidths of AN = 40 nm and quality factors
of @ = 10. Compared with the absorption of the
a-SiN, :H grown without NH;, the absorption of the
a-SiN, :H grown with NH; was an order of magnitude
less. Consequently there was no loading of the reso-
nances by the absorption.
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Fig. 3. Experimental and theoretical transmittance, reflectance,
and absorbance spectra of an a-SiN, :H microcavity fabricated
with NH;.
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Fig. 4. PL spectra of the a-SiN, :H microcavity fabricated with
NH; (a) without and (b) with the Al mirror.

B. Photoluminescence of a-SiN, :H Microcavity
Fabricated with Ammonia

Figure 4(a) shows the PL spectrum of a-SiN, :H grown
with NH; upon Si together with that of the sample grown
upon quartz, whose transmittance, reflectance, and absor-
bance spectra were shown in Fig. 3. The samples grown
upon quartz were used for transmittance and reflectance
measurements. The samples grown upon Si were used
for PL. measurements because Al adheres better to Si
than to quartz. The PL intensity in Fig. 4(a) was modu-
lated by the weak Fabry—Perot resonances. The mode
numbers of these resonances ranged from m = T(\;
= 488 nm) to m = 6(Ag = 572nm). PL was inhibited
between these two resonances at m = 6.5(\g5 = 524
nm). The blue-green PL also had a broad linewidth (100
nm), which, again demonstrates that a-SiN, :H has po-
tential for use as a novel photonic gain medium. The
Fabry—Perot resonances had experimental and theoreti-
cal linewidths of AN = 40 nm and quality factors of @
= 10. The metric thickness of the @-SiN,:H grown
upon Si was L = 1103 nm (which agrees well with the ex-
perimental thickness of 1000 £ 100 nm), and the refrac-
tive index was n = 1.6.

Figure 4(b) depicts the PL of the a-SiN, :H microcavity
with the Al back mirror. Al was chosen instead of Au be-
cause Al has a higher reflectance in the blue-green part of
the optical spectrum. The Fabry—Perot resonances had
experimental and theoretical linewidths of AN = 60 nm
and quality factors of @ = 8. The metric thickness of the
a-SiN, :H microcavity with the Al mirror was L
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= 929 nm (which agrees well with the experimental
thickness of 1000 = 100 nm), and the refractive index
was n = 1.6. The PL was modulated by the strong
Fabry—Perot resonances. The mode numbers of these
resonances ranged from m = 6(\g = 515 nm) to m
= 5(\5 = 603 nm).

The two PL spectra of Figs. 4(a) and 4(b) were obtained
under the same experimental conditions. Comparing the
spectra in Figs. 4(a) and 4(b) revealed that the PL of the
microcavity with the Al mirror has three noteworthy fea-
tures with respect to the PL of the a-SiN, :H: (1) there is
a 1.3X increase of the overall spectrum average (i.e., av-
eraging out of the Fabry—Perot resonances), (2) there is a
2X enhancement of the PL peaks, and (3) the PL dips
have similar amplitudes. The 1.3X increase is due to the
round trip of the Ar* laser in the cavity that is due to the
presence of the Al back mirror instead of a Si substrate,
which only partially reflects the incident beam. Because
the wavelength of the Ar* laser is nonresonant, the input
laser light does not resonate in the cavity; such resonance
would have enhanced the PL further. The 2X enhance-
ment at the resonances is clearly due to the combined ef-
fect of the enhancement of the PL by the cavity reso-
nances and that of the input laser reflecting from the Al
back mirror. That the PL dips have the same amplitude
in both spectra is due to the inhibition of PL between the
resonances.

Figure 5(a) shows the PL of ¢-SiN, :H grown with NH;
[the same as that in Fig. 4(a)] divided by 15 to yield the
same spectral average for both Figs. 5(a) and 5(b). Fig-
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ure 5(b) depicts the PL of the a-SiN, :H microcavity with
Al back and Al front partially transmitting mirrors. The
Fabry—Perot resonances had experimental and theoreti-
cal linewidths of AN = 20 nm and quality factors of
@ = 25. The metric thickness of the a-SiN, :H microcav-
ity with the Al back and partially transmitting front mir-
rors was L = 1072 nm (which agrees well with the ex-
perimental thickness of 1000 = 100 nm), and the
refractive index was n = 1.6. The PL was modulated by
strong Fabry—Perot resonances. The modes number of
these resonances ranged from m = 7(A; = 488 nm) to
m = 5(\5 = 687 nm).

The PL spectrum of Fig. 5(b) was obtained under the
same experimental conditions as for Fig. 5(a). Compar-
ing the spectra in Figs. 5(a) and 5(b) reveals that the PL
of the microcavity with the Al back and the partially
transmitting Al front mirrors has three noteworthy fea-
tures with respect to the PL of the a-SiN,:H: (1) the
overall spectral averages are the same (i.e., averaging out
of the Fabry—Perot resonances), (2) there is a 2X en-
hancement of the PL peaks, and (3) the PL dips have
similar amplitude. The 2X enhancement at the reso-
nances, while the overall average is the same, is clearly
due to the enhancement of the PL by the cavity reso-
nances. That the PL dips have the same amplitude in
both spectra is due to the inhibition of the PL between the
resonances.

5. CONCLUSIONS

In conclusion, Fabry—Perot microcavities with dielectric
and metallic mirrors have been used for alteration of the
PL in a-SiN, :H grown with and without NH;. The PL of
the bulk a-SiN, :H is from the red to the near-infrared
parts of the optical spectrum for the samples grown with-
out NH;. However, the PL of the bulk a¢-SiN, :H is in the
blue-green part of the optical spectrum for the samples
grown with NH;. These complementary colors cover the
entire visible spectrum, and one can imagine a color flat-
panel display made of a-SiN, :H pixels. The broad PL
spectrum of the a-SiN, :H also makes it a suitable source
for wavelength-division multiplexing applications.

The PL of bulk a-SiN, :H is enhanced at, and inhibited
between, the Fabry—Perot resonances of the microcavity.
The enhancement and inhibition of the PL are understood
as being due to the modified photon density of states of
the microcavity. The linewidth of the PL is also nar-
rower than the linewidth of the bulk a-SiN, :H, again be-
cause of to the presence of the electromagnetic modes of
the microcavity. The Fabry—Perot enhancement and in-
hibition of luminescence in a-SiN, :H open a variety of
possibilities for optoelectronic applications such as color
flat panel displays and RCE devices.
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