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Influence of GaAs substrate on the transmission
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The influence of GaAs substrate on the transmission performance of a multi-film Fabry-Pérot filter (FPF),
fabricated by metalorganic chemical vapor deposition epitaxial growth on GaAs substrate, is investigated
using the transfer matrix method. On the basis of the theoretical simulation, we determine that the quality
of the resonant transmission peak of this epitaxially grown FPF (EG-FPF) deteriorates through splitting
when the substrate is taken into account. Rapid periodic oscillation of peak-transmittivity along with the
alteration of substrate thickness is also observed in the simulation results. Finally, a remarkably improved
transmission performance of the EG-FPF is obtained by thinning the substrate down to a suitable thickness

range through well-controlled grinding and polishing.
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Fabry-Pérot filters (FPFs) have been investigated in vari-
ous microstructural systems for the past few decades!! =4,
Along with the development of technologies and tech-
niques such as metalorganic chemical vapor deposition
(MOCVD) and molecular beam epitaxy, depositing high-
quality epitaxial thin films onto different kinds of sub-
strates using various materials has become possiblel®=7].
Thus, researchers introduced a kind of epitaxially grown
FPF (EG-FPF) consisting of distributed Bragg reflec-
tors (DBRs) of quarter-wave-stack on semiconductor sub-
strate; promising special functions were achieved in these
investigations/® 1. Furthermore, the transmission per-
formance of the filter is one of its most important prop-
erties. However, regardless of the existence of substrates,
most researchers continue to investigate EG-FPF trans-
mission performance only under ideal cases®~ ™. Such
an approach imposes critical restrictions on performance
improvements in relative devices. Hums et al. discussed
the substrate effect in their paper?. The current work
differs intrinsically from theirs in that we concentrate
on the modulation effect of the lower substrate, whereas
they focus on the multimode effect of the upper Fabry-
Pérot (F-P) cavity. In this letter, we primarily investi-
gate semiconductor substrate influence on the transmis-
sion performance of EG-FPF.

A GaAs wafer with a thickness of around 350 um
was chosen as the substrate. Considering the lattice
matching and refractive index contrast between epitax-
ial thin films, the bottom and top DBRs of the EG-FPF
were made with GaAs/AlGaAs alternate quarter-wave-
stack"®. A schematic of the EG-FPF is shown in Fig. 1;
the EG-FPF consists of, from top and bottom, in turn, k&
(a positive integral) pairs of GaAs/AlGaAs quarter-wave-
stack at the bottom DBR, GaAs resonant cavity layer,
and k pairs of AlGaAs/GaAs quarter-wave-stack at the
top DBR. When it comes to periodic thin-film structures,
the transfer matrix method is commonly used as it is re-
garded as a most powerful tooll!*15 If the GaAs layer

1671-7694/2011/111301(4)

with a high refractive index and the AlGaAs layer with
a low refractive index in the DBR are denoted by H and
L, the refractive transfer matrices for a light wave trav-
elling from H to L and vice versa can be given by My,
and Myy, respectively, as follows:

2 177LH/TLL 1+?7,H/TLL

1
My — < 1—|—TLH/TLL

1/ 1+ny/nu
My, = =
HL 2 < 177LL/TLH

1 —ny/ny ),
(1)

1+?7,L/TLH
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where ng and nj, denote the refractive indices of the
GaAs and AlGaAs layers, respectively. The phase trans-
fer matrices in uniform regions H and L can be expressed

by Uy and Uy, as

Un — exp(i2r Agng /) 0
H= 0 exp(—i2n Agnu/N) )’

(2)
U — exp(i2r Apng/A) 0
L= 0 exp(—i2rApng/N) )’
where A denotes the incident wavelength, and A,

is the thickness of uniform region z (r = H, L),
equal to Ap/4n,, in which A\¢ is the designed reso-
nant transmission peak wavelength. Then, using re-
fractive transfer matrices Eq. (1) and phase trans-
fer matrices Eq. (2), the transfer matrices for one
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Fig. 1. Schematic of the EG-PFP on GaAs substrate.
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period of the bottom DBR and one period of the top
DBR can then be given by Mgy and M, respectively, as

follows:
Mg = UyMyu, UMy, 3)
Mt = ML UpMpaUgy.

Assuming that both the incident and emergent media are
air, the total transfer matrix of the EG-FPF can be given

by
T — 1L/ 14nng 1-ng
T o\ 1—ng 1l4+ng
( exp(i2rAsnu/A) 0
0 exp(—i2m Agnu /)
M exp(i2mr Acnpu/N) 0
B 0 exp(—i2m Acnu/N)
Mkl 1+1/7lH 1*1/77,1{
To\ 1-1/nug 1+4+1/nu
T T
= MoUsMpUcMM; = ( Ty To ) S

where Ag, which should be the integral multiple of
Ao/2ny, is the length of the EG-FPF cavity, Ag de-
notes the thickness of the substrate, Ug and Ug are
the phase transfer matrices of the substrate and EG-
FPF cavity layer, respectively, and M/ represents the
refractive transfer matrix from air toward the filter, while
M, describes an inverse case. From Eq. (4), we deter-
mine that the vertically incident light fields transmitted
through the EG-FPF can be written as

Ef\_ [ Tu T ES (5)

E- ) \ Ta Tap ES
where E and E; are the forward and backward light
fields in the incident side, respectively, while EI and
E_ are those in the emergent side. Given that E; = 0,
disregarding the loss of light fields transmitted through
the filter yields the total transmittivity Tr_p of the EG-
FPF, expressed as

1 1 1

Tpp= o=
! Ty TH |T11|2

(6)

Assume that designed transmission peak wavelength
Ao is 1550 nm. To receive a transmission spectrum with
an appropriate full width at half maximum (FWHM)
around 1 nm, we set ng = 3.5256, n;, = 3.1637, k = 22,
and Ac = 9\g/2np, simultaneously. The EG-FPF can
be separated into two parts: the upper DBR-based filter
and the lower substrate. The upper filter possesses a
high finesse of 190 because of the high reflectivity of the
two DBR mirrors.

The ideal case is considered by disregarding the contri-
bution of the GaAs substrate (i.e., Ag = 0), and a sim-
ulated transmission spectrum calculated from Eq. (6) is
shown in Fig. 2(a). By taking the substrate into account,
three substrate thickness values of Ag; = 50.559 pum,
Ago = 202.235 pm, and Ags = 343.799 pm are chosen to
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Fig. 2. Profiles of the simulated transmission spectra of the
EG-PFP at substrate thicknesses of (a) As = 0, (b) As1 =
50.559 pm, (c) Agz = 202.235 um, and (d) Ags = 343.799 pm.

demonstrate the variation trend of the transmission per-
formance of the EG-FPF via the alteration of substrate
thickness. Agy, Asa, and Agsz are set to be the integral
multiples of Ag/2ny.

Figure 2(a) displays a perfect transmission spectrum
when Ag = 0. By contrast, the transmission peak begins
to deteriorate through splitting as substrate thickness
increases, as distinctly shown in Figs. 2(b)—(d). The
thicker the substrate, the worse the transmission peak.
When the substrate becomes thinner, on the other hand,
the transmission spectrum exhibits an acceptable level to
some extent (Fig. 2(b)), although a trend of side peaks
occurs on both sides of the main transmission peak.

The substrate itself is also a kind of F-P cavity struc-
ture. However, its finesse is only about 1.9, resulting
from the much lower reflectivity of its surface. The sim-
ulated transmission spectra of the substrate at Agy, Ags,
and Agsz are shown in Figs. 3(a)—(c), respectively, which
shows that the free spectrum range (FSR) of the fringes
stemming from the substrate decreases in pace as sub-
strate thickness increases. When the FSR diminishes
over a certain range (e.g., the substrate is sufficiently
thick), the transmission spectrum of the EG-FPF is
significantly modulated by the substrate. This result
is reasonable because when the FSR diminishes, the
FWHM of the fringes stemming from the substrate also
decreases (FWHM = FSR/finesse), so that these become
comparable to the fringes stemming from the DBR filter.
These fringes appear as side peaks in the observed out-
put spectrum.

According to the analysis above, the splitting of the
transmission spectra in Fig. 2 can be attributed to the
periodic modulation of the substrate. The side peaks
appearing in the measured response spectra of the de-
vices in Refs. [9-11] must also be the contribution of the
substrate.

The simulation result for the peak transmittivity (PT)
of the EG-FPF as a function of substrate thickness is
shown in Fig. 4. Rapid oscillation of the PT, along
with a substrate thickness of 0-350 pm, is illustrated
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Fig. 3. Profiles of the simulated transmission spectra of the
substrates at substrate thicknesses of (a) As1 = 50.559 pm,
(b) Agz = 202.235 pm, and (c¢) Ass = 343.799 pm.

in Fig. 4(a), which also exhibits that the oscillation am-
plitude of the PT increasingly strengthens along with the
decrease in substrate thickness. Part of Fig. 4(a) is am-
plified and denoted as Fig. 4(b) to display the PT details,
with the substrate thickness increasing from 0 to 1000
nm. The oscillation period of the PT is 220 nm (e.g.,
Ao/2np). Thus, for the convenience of making compar-
isons, we set the values of substrate thickness as Agq,
As2, and Agz to be the integral multiples of Ag/2ny in
Fig. 2.

When the substrate thickness equals iAg/2np (i is a
positive integral), constructive interference occurs within
the substrate, which leads to a maximum EG-FPF trans-
mittivity at 1550 nm. However, when the substrate
thickness is iAo/2np £ Ao/4nu, destructive interference
occurs and yields a minimum transmittivity at 1 550 nm.
The difference between the two substrate thicknesses cor-
responding to successive constructive and destructive in-
terferences is Ag/4np. If the deviation of the substrate
thickness from the ideal conditions of i)y /2ny is less than
half of A\g/4ny (e.g., iAo/8nu), the PT is acceptable. Fig-
ure 4(b) shows that the PT is maintained at more than
0.9 if substrate thickness Ag is at the range given by

(t1Xo/2ny — 55 nm) < Ag < (iAg/2ny + 55 nm).  (7)

Considering A\g/8np ~ 55 nm, Eq. (7) can be rewritten
as

Combining Figs. 2-4, we theoretically determine that
the transmission spectrum of the EG-FPF splits because
of the periodic modulation of the substrate. The thicker
the substrate, the worse the transmission spectrum. To
obtain an acceptable transmission spectrum, an alterna-
tive is to thin the substrate down to a suitable thickness
(around 50 pm fitting to the design proposed in this
letter) for the suppression of the side-peaks by well-
controlled grinding and polishing; meanwhile, substrate
thickness Ag should satisfy Eq. (8) to maintain the PT
at more than 0.9.

Based on the parameters mentioned previously, an
EG-FPF was fabricated by epitaxial growth on a 352-
pm-thick GaAs wafer via MOCVD. Its cross-sectional
scanning electron microscope (SEM) image is shown
in Fig. 5(a). Then, three sub EG-FPFs with roughly
the same area of around 0.5 x 0.5 (cm) were obtained
through cleavage from the matrix. After this, their sub-
strates were carefully ground and polished to 4§, ~ 52
pm, Agy &~ 206 pm, and A§; ~ 346 pm individually using
an abrasive machine. A Photonetic 3642CR00 tunable
laser with a single-mode fiber pigtail was adopted as
the light source. Before performing measurements, the
optical path was well collimated to ensure that the laser
exiting from the fiber pigtail was illuminated vertically
onto the EG-FPF. Finally, the transmission spectra of
the three EG-FPF's were obtained within the wavelength
range of 1545-1565 nm as shown in Figs. 5(b)—(d).
As predicted, the transmission side peaks are gradu-
ally suppressed along with the decrease in substrate
thickness. The side peaks are distributed roughly sym-
metrically around the main peaks (Figs. 5(c) and (d)),
which ensures that A§, and Ag; are in the range ex-
pressed by Eq. (8). Furthermore, the PT in Fig. 5(b)
shows the same level as those shown in Figs. 5(c) and
(d), guaranteeing that Ag; also stays within the range
expressed by Eq. (8). However, the PTs shown in
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Fig. 4. Simulated PT around 1550 nm of the EG-PFP as a
function of substrate thickness (a) from 0 to 350 um and (b)
from 0 to 1000 nm.
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Fig. 5. (a) Cross-sectional SEM image of the EG-PFP and
the measured transmission spectra with the substrates (b)
Agy, (c) Agy, and (d) Agg ground, respectively.
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Figs. 5(b)-(d) are only about 70%, much lower than 1,
a result attributed mainly to the loss of scattering and
absorption caused by the defects of the EG-FPF. Addi-
tionally, the transmission peaks shift from the theoretical
value of 1550 nm to the practical value of around 1555
nm because of the deviation of the growing process in
MOCVD.

In conclusion, we investigate the influence of GaAs sub-
strate on the transmission performance of an EG-FPF.
With increasing substrate thickness, the resonant trans-
mission peak of the EG-FPF begins to deteriorate by
splitting because of the periodic modulation of the sub-
strate. Moreover, rapid oscillation of the PT, along with
the alteration of substrate thickness, is theoretically ob-
tained. To realize an acceptable transmission spectrum
by suppressing the side peaks, we suggest that the sub-
strate be thinned down to a suitable thickness range
through well-controlled grinding and polishing. This ap-
proach is implemented experimentally.
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