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This article presents a detailed exploration of the optical characteristics of various one-dimensional
photonic crystal structures designed for use as a means of improving the efficiency and power
density of thermophotovoltai€TPV) devices. The crystals being investigated have a ten-layer
quarter-wave periodic structure, and are based on Siy&n@ Si/SiION material systems. For TPV
applications the crystals are designed to act as filters, transmitting photons with wavelengths below
1.78 um to a GaSb photodiode, while reflecting photons of longer wavelengths back to the source
of thermal radiation. In the case of the Si/Si€iructure, the Si and SiQayers were designed to

be 170 and 390 nm thick, respectively. This structure was fabricated using low-pressure chemical
vapor deposition. Reflectance and transmittance measurements of the fabricated piv@aDic
crystals were taken from 0.8 to 3:8n for both polarizations and for a range of incident angles.
Measurement results were found to correlate well with simulation results for the ideal structure.
Measurement results were used to predict the TPV system efficiency, power density and spectral
efficiency using an ideal thermodynamic model of a TPV systen2085 American Institute of
Physics[DOI: 10.1063/1.1849437

I. INTRODUCTION achieved through the use of either front-side filter structures
(filter deposited on the front side of the PV digdend/or

Thermophotovoltaic§TPVs) convert thermal radiation packside reflector&deposited on the backside of the PV di-

emitted from a high-temperature source into electricity byode.

means of a photovoltai¢PV) diode, as solar photovoltaic This article investigates the use of one-dimensigma)

systems convert solar radiation into eIectri&ifyTWO of the photonic Crysta|s as front-side filters for improving TPV sys-

major differences between TPV systems and solar poweem efficiency and power density. Within this context, the

conversion systems arel) the thermal radiation source in fundamental limitations of such structures are discussed,

TPV systems is in close proximity to the PV diode, &8  along with issues relating to the design, fabrication and op-
the temperature of the emitter in the TPV system, typically intical characterization of the structures.

the 1100—-1500 K range, is much lower than that of the sun. |n recent years 1D photonic Crysta|s designed as omni-
The lower source temperature demands that in order to olfirectional mirrors(made from a range of different material
tain respectable system efficiency and power density, the ngstem$ have been studied extensi\/%Mor a range of ap-
diodes in a TPV system need to be fabricated from low banglications in photonics and optoelectronics. Among the dif-
gap materials, e.g., GaSb, InGaAs, InGaAsSb. The closgrrent candidate materials that have been studied for use in
proximity of the thermal source to the PV diodarge view 1D photonic crystals, the Si/Si@naterial system stands out.
facton also results in omnidirectional radiative power trans-|ts advantages include having a large dielectric index con-
fer and large incident radiative flux density. Fortunately, thetrast, and the fact that numerous technologies exist for the
close proximity also allows for photon “recycling,” which faprication of devices based on Si and SiBlowever, most
can be used to significantly improve the overall system effiof the published material regarding the use of the SiASiO
ciency. The overall system efficiency and power density carpair focuses on the omnidirectional stop-band characteristics,
be significantly enhanced by reflecting back to the emitteand the use of such photonic crystals as perfect mifrors.
photons whose energies are below the electronic band gaghere has been very little work carried out on the character-
energy (Eg,p of the PV diode, while transmitting photons jzation of 1D photonic crystals serving as near-infrared
whose energies are greater thag, to the PV diode to be omni-directional high-pass filters, which is effectively what
converted into electricity. Such energy recycling can be these crystals are used for in TPV systems. Therefore, this
article focuses on the pass- and stop-band characteristics of
1D photonic crystals in the near-infrared wavelength range
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FIG. 1. TPV system with a front-side dielectric stack filftyers 1 to n. XTgy(w, 6)cosd sin fdfdw 1)

The thickness of the gaftayer O between the emitte(BB) and the dielec-

tric stack isL,. The PV diode extends tow: Herec is the speed of lights is Planck’s constant nor-

malized by 2r, k is Boltzmann’s constanfpy is the tem-

perature of the diodengg and npy are the blackbody and
(0.8—3.3um), at both normal and grazing angles of inci- diode refractive indices, respectivelys(w, 0) is the sum of
dence. The influence in terms of efficiency and power denthe TE and TM mode transmittances from the blackbody to
sity of these spectral characteristics on the overall TPV systhe PV diode T3(w, 6) is the sum of the TE and TM mode
tem performance is also investigated. transmittances from the PV diode to the blackbo@lys the

This article is organized in six sections. The second secincident angle of radiation from the blackbody souksee

tion introduces the thermodynamic model of a TPV systenFig. 1), #,=arcsif{inp,/Ngg) for npy<ngg and 6,=m/2
and defines the spectral efficiency of a filter. The PV diodeotherwise, §;=arcsir{ingg/npy) for npy>ngg and 6;=/2
efficiency, power density and filter spectral efficiency areotherwise. The first term in Eql) represents the total power
then used as metrics for quantifying the advantages and disransferred from the blackbody to the PV diode, while the
advantages of different filter designs. The third sectionsecond term represents the power re-radiated from the pho-
briefly introduces photonic crystal modeling, projected pho-todiode back to the emittdradiative recombination losses
tonic band diagrams, filter design techniques, and the desighhis equation can be rewritten as follows:
trade-offs as they apply to a specific TPV system. The fourth
section discuses the fabrication, while the fifth section details

spectral performance characterization of a Si/Skiased 2 202
. . . . . BBW ho f——
photonic crystal filter. The final section presents experimen- P 4= 53 Ti3(w)dw
tal results, compares the performance of existing filter de- o (2m)c exp(h—> —
signs, and investigates the projected efficiencies of TPV sys- KTgs
tems using the fabricated filter. * 2w ho o .
W (2m)%c? fiw—eV SR
9 ex -1
KTpy

Il. THERMOPHOTOVOLTAIC SYSTEM MODELING

In this article a TPV system is defined as consisting of a where
thermal emitter separated from a PV diode by a gap of length
Lo. A 1D photonic crystal is placed on the front side of the .
diode, as shown in Fig. 1. The emitter is a blackbody source T_(w) _f X{T (0,6)
with refractive indexngg. The diode is fabricated from GaSb Xy XWTE
and has an electronic band ggg,=0.7 eV (corresponding .
to a wavelength of\4,,=1.78um and a refractive inder *+ Tyru(@,0)jcosdsin6do xy € {13t (3)
=3.9. The role of the 1D photonic crystal deposited on the
front side of the PV diode is to transmit all the photons with )
energies abovEgapto the diode, while reflecting all the pho- Tuyre ar_1d Tayru are the TE_ and TM mode transmittances,
tons with energies beloq,, back to the emitter. respectively, and are functions of the frequenrgyangle of
The amount of electrical power generated by the TPVincidenced and the gap length,. As defined, T3 is inter-
system as well as the efficiency can be calculated using thiareted as the average transmittance from the emitter to the
ideal thermodynamic mod&f’ The ideal thermodynamic diode, and is the key to shaping the power transfer within a
model assumes that the PV diode material is an ideal semFPV system. SimilarlyTs; is the average transmittance from
conductor material where an incident photon with endrgy  the diode to the emitter.
generates an electron hole paifiib> E;. The losses that are The total electrical power generated in the photodiode is
modeled are radiative recombination losses, thermalizationalculated as the product of the voltagé) across the PV
losses, and bellow-band gap energy photon absorption. Sinckode terminals, the electron char¢®, and the difference
the emitter is a blackbody at temperatdig;, the amount of  between the absorbed photon flux and reradiated photon flux.
power radiated to the photodiode can be expressed as  This can be conveniently expressed as
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Again, the first term in Eq(4) is the photon flux from < o i ﬁgp
the blackbody to the PV diode while the second term is the o THjmate TEmoges | | ==
photon flux reradiated from PV cell to the blackbo@gdia- 1 08 06 04 02 0 02 04 06 08 10 0204 06 08 |

Parallel wave vector k,, (2n/a) Reflectance

tive recombination lossgsTPV efficiency is defined using
Eq. (2) and Eq.(4) as follows:

FIG. 2. Projected photonic band diagram for one-dimensional Si/SiO
quarter-wave stack for both polarizatiofieft) and reflectance at normal

_ PPV(TBva@TPV,V) incidence of six pair Si/SiQPhC deposited on Si substratgght). Light
17ev(TeB, @g, Tev, V) = : (5 line representso=1/uek,. Normal incidence band gap is designated as
Prad Tes: Wy, Tev,V) Ao y"
gN-

From Egs.(2)<(5) it is clear that power density and ef-

flgleqcy levels are. strongly influenced By and that F)y lll. MODELING AND DESIGN OF 1D SI/SIO,
tailoring T3, superior system performance can be achievedpHOTONIC CRYSTALS
In this article the performance of photonic crystal com-
ponents is characterized with respect to PV diode power den- |n order to gain more insight into the mechanisms relat-

sity given by Eq.(4), and diode efficiency according to Ed. ing power transfer from the blackbody source to the photonic
(5). In addition, the filter's spectral efficiency is used as acrystal deposited on the diodes in Fig. 1, the photonic
figure of merit for the filter's performance. Spectral effi- h5ng gap diagram of an infinite 1D photonic crystal will be
ciency for a blackbody source is defined as analyzed. The projected photonic band diagram of an infinite
1D photonic crystal composed of alternating layers of Si and

spectrek T88: ®g) SiO, is given in Fig. 2, and is calculated using the transfer

“g nész ho — matrix method. The propagating electromagnetic modes are
o (2m)32c? A Tig(w)dw represented by the shaded regions, while the white regions
eXP<F -1 represent nonpropagating modes. Although the 1D photonic
% 3 == . (6)  crystal does not exhibit a full band gap, when coupled to free
f Npp® ho Q@ —R_(w))dw space the crystal can exhibit total omnidirectional
2:2 13 e .
o (2m)“c F{ h )_1 reflectancé. For omnidirectional reflection to occur there
kTgg must be no overlap between the projected photonic crystal’s

. propagating bands and the projected free space propagating
Here Ti5(w) is the average transmittance of the filter as debands, over a certain frequency range. The projected band
fined in Eq.(3), while Ry3(w)=1-Ty5(w), neglecting the ab-  structure for free space is the cone above the light line char-
sorption losses in the filter in the wavelength range of intergcterized byw2:1/(ﬂg)(k§+k§)_ It is obvious from Fig. 2
est. Spectral efficiency gives the ratio of the transmittedthat there exists a band of frequencies for which there is no
power above the band gap energy to the total emitted powejverlap between the free space modes and the photonic crys-
that reaches the PV diode-filter system. Ideally the 1D photal modes. This band gap is used to design the TPV filter. By
tonic Crystiwould transmit all the phOtonS abCEI@ptO the a"gning the upper edge of the normal incidence band gap
PV diode(T,3=1 for > wg,y), and reflect all the lower en-  (denoted asog,,) with the electronic band gap of the diode
ergy photons back to the emittéF,3=0 for w<wga). This )\ (1.78 um for Gash, the photonic crystal will reflect al-
performance would result in unity spectral efficiency overmost all the photons with frequencies in the range
the entire frequency range, but still an the overall systen(wgap, wga+ Awgy) WhereAwgy is the normal incidence pho-

efficiency [as defined by Eq(5)], of less than one because tonjc band gap. Since the width of the first band gap is given
the TPV system efficiency with GaSb PV diode is less thanyg?

ideal [61% at maximum power point for GaSb diode at
Tegg=1500K and Tpy=300K, Egs. (2)—5)]. Although
achieving ideal spectral control is not possible using 1D pho-
tonic crystals, this article will show that the use of a multi-
period Si/SiQ structure, deposited directly on the front side
of the PV diode using low-pressure chemical vapor deposi-
tion (LPCVD), can provide impressive if not ideal spectral
control. It will also be shown that basic modifications to thewherewy is the central frequency of the band gap, it is easy
periodic structure of the crystal can further enhance the cryso express this equation in terms of the band gap central
tal's pass-band performance. wavelength(\o) and the band gap widtt\y) as

4 . n,—ng

Awqgy= wo— SINTT ——, (7)
gN 0

™ N, + Ny
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FIG. 3. Normal incidence reflectance f@ Si/SiO, photonic crystal with ~ F1G- 4. Simulated system efficiency and power density of GaSb TPY Sys-
Si0, ARC and SiON ARC(b) Si/SiON L/2H(LH)* photonic crystal. tem VS. the emltter' temperature with an ujea_l filter, SI/'zsI.OZH(LH)'
photonic crystal, Si/SIONL/2H(LH)* and Si/SiQ photonic crystal with
SiON ARC.
2+ 2 g1 2 .
o= 1 1+ T n, +ng N 8 crystal layers and the substrate. In order to achieve zero
075 - | 8 reflectance—at a discrete set of nulls in the pass-band
2- p sin S range—the quarter-wave stack must satisfy the condftion
2 TNy
. . . n\2 n
Since the 1D photonic crystal filter is based on a quarter- (—2) == (10)
wave dielectric stack, the thickness of the Si and Sa9ers M/ Mo

is related by This condition is not satisfied in a Si/Sj@hotonic crystal

\o = 4,0, = 4n,d,, (9) deposited on either a Si or GaSb substrate. However, this
condition can be satisfied by using a Si/SION material sys-

wheren; and d represent the refractive index and thicknesstem to fabricate the 1D photonic crystal filter, where the
of the SiG layer, andh, and @ represent the refractive index refractive index of the SiON is engineered to beion
and thickness of the Si layer. In this casg=1.5, d; =1.85(assuming the structure is deposited on a Si substrate
=0.39um, n,=3.4, andd,=0.17 um. The deposited struc- SIiON is a useful candidate material for fabricating 1D
ture is a ten-layer 1D photonic crystal, describedlad),”  photonic crystal filters since its refractive index can be varied
whereL andH represent quarter-wavelength thick layers offrom 1.5 to 2.0, thus allowing the material pair to be custom-
SiO, (low refractive index and Si(high refractive indek ized to achieve zero reflectant® a number of discrete fre-
respectively, starting from free space and ending at the P\quencies when used with various substrate materials, result-
diode as shown in Fig. 1. ing in better transmittance over the entire pass Barkhe

The normal incidence reflectance of the structure deposeflectance of a Si/SiON photonic crystal is given in Fig.
ited on a Si substrate is given in Fig. 2. Here the photonic3(b). This structure exhibits much lower reflectance in the
crystal filter’s stop band is clearly evident. However, largepass band compared to the Si/$ifair, however, due to
oscillations in the pass bar(d > wy, significantly reduce lower index contrast between Si and SiON, the filter’s stop
the amount of power transmitted by the filter to the diode. Anband is narrower. To quantify the performance of the three
effective means of improving this pass-band performance igifferent photonic crystal designs detailed above, the
to use a photonic crystal withla/ 2H(LH)* structure, instead  Si/SiO, stack with a SiQ ARC, the Si/SiQ stack with a
of the (LH)® structure. Implementing this requires the last SiON ARC, and the Si/SiON structure, the TPV system ef-
layer of a(LH)® structure to be modified, reducing it to one ficiency and power density as functions of source tempera-
half its original thickness. This modified layer is referred toture (assuming GaSb PV dioflevere calculated for each.
as an anti-reflection coatind\RC). Another option is to use The results of these calculations are shown in Fig. 4.

SiON to form the ARC layer. In this case the SiON is engi- The simulation results—presented in Fig. 4—show that
neered to havegijon=1.85. This minimizes the reflectance in the TPV system incorporating a Si/SiON photonic crystal
the pass band. has the highest power density. This is expected given the

The reflectance of both the photonic crystal with thefilter has the lowest pass-band reflectance. However, the
SiO, ARC and the SiON ARC is shown in Fig(&, where  Si/SiON 1D photonic crystal filter suffers from lower effi-
both simulations assumed ideal dielectric constants withoutiency due to its narrow stop band. The Si/&i€ructure,
losses. Although the Si/Sidphotonic crystal exhibits a very with a SiO, ARC exhibits an almost identical power density
flat pass band, the reflectance never goes below 4%. This te the Si/SiQ structure with a SiON ARC. However, the
due to the refractive index mismatch between the photoniSi/SiO, structure with the SIQARC has superior efficiency.
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0.8

p Sib = The process which was developed to deposit the 1D pho-
S0, —

06} Si-SION ——— tonic crystal involved three steps for the deposition of one
04 — Si/SiO, pair. These three steps were then repeated five times
' //_,/"”' to produce a completé_H)® structure. The first step in the
502 — —— process was the deposition of a poly-Si layer. This layer was
g o (a) grown at 625 °C with a Siliflow rate of 150 sccm and a
& 1000 1100 1200 1300 1400 1500 1600 1700 1800 pressure of 200 mTorr. This was followed by the deposition
E : : of a low-temperature oxidd.TO) layer, deposited at 400 °C
(%08 | g:g:gﬁ — " vyith SiH, and G, flow rates of 125 e_md 175 sccm, respec-
' . “‘// I s i tively, at 200 mTorr pressure. The final step in the process
06 e was a relatively low-temperature densification anneal at
04 4 T 650 °C for 3 h in a N ambient.
02 - (®) The LPCVD system used had nominal deposition rates
1000 1100 1200 1300 1400 1500 1600 1700 1800 for poly-Si and SiQ of 10 and 5 nm/min, respectively. A
Temperature (K) comprehensive set of calibrating deposition runs was carried

out prior to the actual photonic crystal fabrication. These
FIG. 5. Simulated.spectral ef‘ficiehcies of'Si/§iD'2H(LH)4 and Si/SIiON runs identified the actual deposition rates as being equa| to
L/2H(LH)* photonic crystals for diodes witlta) Agap=1.78 um (Gash and 10 and 6 nm/min. res tivelv. Th librati |
(b) hgag= 2.4 pum (INGAASSb. : IC , respectively. The calibration process also
identified the effects of the 3 h anneal on the Si/Spair.
Specifically a 174-nm-thick poly-Si layer was deposited on a
high quality thermal oxidéall thickness measurements were
taken using a KLA-Tencor UV-1280 Prometrix Thin Film
CThickness Measurement System 411-nm-thick layer of
SiO, was then deposited on top and the dielectric pair was
Gnnealed at the stated conditions. After the anneal step the
band. thickness of the Si layer was recorded as being 167 nm and

As mentlonec_zl earlier, spectral efficiency is another COMihat of the SiQ as being 353 nm. These results indicated that
monly used metric to quantify the performance of a 1D pho-

. o . the Si layer lost 7 nm to oxidation during the anneal in
tonic crystal filter in the context of a TPV system. The simu- e Silayer los 0 oxidation during the anneal, adding

lated spectral efficiencies versus temperature of the SLJSiO16 nm to the SiQ thickness. This meant that the anneal

and Si/SION photonic crystal filters with thie/ 2H(LH)? caused an actual reduction in the thickness of the, &iger

) : : ._of 74 nm. Using this data it was established that in order to
structure, and designed for use with two PV diode materia . )
- nsure that the thickness of the Si and Si@yers was 170
systems, namely GaSb and InGaAsSb, are shown in Fig. 5, . ;
- . . nd 390 nm, respectively, after all the processing steps were
The results of these spectral efficiency simulations sugges

e : : o completed, it was necessary to deposit 177 nm of Si and
that the Si/SiQ photonic crystal filter exhibits much better . ! 5
performance than the Si/SiON structure. In addition, it is456 nm of SiQ. To produce the finalLH)® structure the

; . e . . three step process described above was repeated five times.
interesting to note that a Si/Sj@hotonic crystal designed X .

for use with an InGaAsSh diode has up to 35% higher spec- i/S-EO f?f:;?t?r thte rS'\;QVARCt’ hthg Slrm:‘ceinla{ﬁr ?f thi? q
tral efficiency than a filter based on the same material syste ©, 2 structure was efched, producing the require
designed for use with a GaSb diode. This difference in per- /2H(LH)" structure. The Applled Materials Precision 5000
formance is due to the large dependence of the filter’'s spe etcher used a G- CHF, chemistry and etched the annealed

tral efficiency on the electronic band gap of the diode. ﬁow—temperature Ox'd? sgrface layer at.a rate of 2 nm/s. Fig-
ure 6 shows a transmission electron microscOfyM) cross

section of the resultind./2H(LH)* structure. The lighter
IV. EABRICATION OF 1D PHOTONIC CRYSTAL strata represent the deposited poly-Si and the darker strata
represent the deposited Si@lthough from Fig. 6 it can be
To experimentally verify the simulation results discussedinferred that Si and SiQlayer thicknesses are slightly dif-
in the previous sections, a ten-layer Si/$iO/2H(LH)*  ferent from targeted thickness€s70 and 390 nm, respec-
photonic crystal filter was fabricated. This structure was fab+ively), one should bear in mind that the TEM image was
ricated in accordance with the specifications set out in Sedaken at an off-normal angle, thus distorting the true length
I1l. We usedp-type Si wafers, and a LPCVD-based process.scale. Indeed, all the calibration measurements that were per-
In order to fabricate the structures such that their physicalormed with an ellipsometetin between deposition steps
characteristics actually mirrored the specifications, it was improved that the layer thicknesses were well within 5% mar-
perative to develop a deposition process that allowed fogin of error.
very accurate and uniform layer deposition. Furthermore, Furthermore, surface roughness analysis was carried out
this process needed to have a relatively low thermal budgetising an atomic force microscog®igital Instruments llla
given that in the TPV system context the spectral controNanoscopgin order to be able to quantify scattering losses
structure would be directly deposited on the front side of eof the layer interfaces. The Si/Sjnterface rms roughness
GaSb photodiode whose device integrity could not be comwas found to be 4.2 nm for the calibration sample. The sur-
promised by the filter fabrication process. face roughness rms figures for completed filters varied be-

Therefore, the Si/Si@with a SiO, ARC appears to be the
best trade-off between efficiency and power density. If powe
density is of paramount concern the Si/SiON 1D photoni
crystal filter is the best option, particularly if it is coupled to
a plasma filter, which extends the overall high-reflectanc
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FIG. 6. TEM cross section of Si/SiAD photonic crystal with SIQARC. FIG. 7. Measured and Ref. 11 values of the complex refractive indices of Si
Note Si and SiQ layers appear to have slightly different thicknesses from g SiQ.

targeted thicknessed70 and 390 nm, respectivelgince the image was
taken at an off-normal angle, thus distorting the true image scale.
fabricated filter and the simulated structure. However, due to
tween 6 and 9 nm—an order of magnitude lower compareghe large index contrast between the deposited layers the
to the stack layer thickness—and therefore it was assumeglerall design is not very sensitive to fabrication inaccura-
that the scattering due to surface roughness can be neglecteges such as slightly varying layer thicknesses. The reflec-
tance characteristics of Fig. 9, measured for off-normal
V. SPECTRAL PERFORMANCE CHARACTERIZATION angles of incidence, show that the fabricated Si/SkD
photonic crystal maintains acceptable levels of spectral per-

The _spectral charac’Ferlsncs of th_e 1_D S"§'|°"°t°'_“° .formance even at incident angle of 50°, preserving both the
crystal filter, whose design and fabrication are described i itical stop- and pass-band characteristics
the previous section, were measured and compared to the In order to estimate TPV system power density and ef-
simulated spectral performance. In these tests the reflectanﬁgiency as well as the filter's own spectral efficiency and
characteristics of the 1D photonic crystal filter, which Wasin—band transmission, the measured reflectance and transmit-
deposited on a Si substrate, were measured at both normal ’ . )
. S . . tance data were employed. Power density was estimated us-
and grazing angles of incidence using a Varian Cary 5E spec"—1g Eq. (4), diode efficiency was estimated using E&)
trophotometer. The measurements were taken over a Wavg— ectrél efficienc was estimated using H6) In-banéj
length range of 0.8—3.2m for both TE and TM polariza- P y g HG.

tions. The spectral characterization of the fabricated filter a{ransm|SS|on(T>ﬂ,) is defined as the ratio of transmitted

different angles of incidence is very important because th&OWer above the band gap energy to the total emitted power

thermal emitter in a TPV system is a broadband omnidirec@20Ve the band gap. Results for in-band transmission for

tional source of radiation. Therefore the effectiveness of anglifferent emitter temperaturegfor a blackbody radiation

filter's pass band and stop band must be characterized ov&PUTCé are given in Table I. The estimated diode efficiency
the complete range of incident angles. at 1500 K source temperature is 24% with a power density

It is important to note that as part of the testing theon.l(W/cmz) and a filter spectral efficiency of 40%. These

reflectance characterization of the fabricated filter sampléesults indicate that in terms of “integral” performance mea-
was carried out on a filter sample which was deposited on 8UreS(7rev: Ppv, 7spectrat T>0,) the fabricated filter performs
Si substrate of finite thickness, while the simulation assumeBearly as well as the simulated filter with ideal parameters.
the substrate is of infinite thickness. To deal with this differ- The filter’s in-band transmission results in 65% of the con-
ence, the physical reflectance measurement results were cafertible thermal power reaching the diode. Although one
rected to eliminate the effect caused by backside reflectiomould expect better in-band transmission—especially judg-
from the Si substrate of finite thickness. As a result, the coring from the normal incidence reflectance data in Fig. 8—it
rected measurement results correspond to the results which
quld have been Obtameq had the_ fabricated filter been del:ABLE |. Estimated TPV system efficiency, power density, filter spectral
posited on a substrate of infinite thickness. efficiency and integrated in-band transmittance using measured filter data.

The measured and simulated characteristics of the filter’'s
normal incidence reflectance exhibit very strong correlation, Tgg (K) Trpy (%) Ppy (W/cm?) Nspectral(%0) oo, (%)
as shown in Fig. 8. The simulations were carried out using

: . : 1300 15 07 26 65

the measured optical constar(ts and k) of Si and SiQ, 1400 19 12 33 65
which are plotted in Fig. 7. The slight shift in the pass-band ¢, 24 21 40 65
ripple is due to the layer thickness mismatch between the
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U },/ S We have shown that large index contrast material sys-
0.9 / b tems like Si/SiQ provide a large omnidirectional stop band
08 |'/ while at the same time have a wide pass band and low ab-
' ' sorption losses—thus satisfying the key requirements for in-
0.7 suring high efficiency and high power density within the
w 0.6 TPV context. In this article we fully describe the LPCVD
g \ fabrication process using standard microfabrication tech-
05 \ niques, which was developed to fabricate the Si/SiBo-
2 04 A tonic crystals. Measurements of the optical constants of the
] \ i LPCVD deposited Si and SiOshowed excellent agreement
03 | \ \ with the reference values of their crystalline counterparts.
0.2 ;}; \/\ /r}k lll The chqraqterization of the_fabricated samples proved t_hat
0. ':; WA A ! measured —— | the fabrlgatlon process prowde'd excellent .control of the fil-
\‘,’\M\ oy simulated -—-— ter's design parameters, including layer thicknesses, surface
0 1 15 5 25 3 roughness, and a high level of repeatability. The reflectance
Wavelength (um) and transmittance spectral characterization of the fabricated

Si/SiO, 1D photonic crystals confirmed that the physical
FIG. 8. Measured and simulated normal incidence reflectance characteristgample’s spectral characteristics conformed with what simu-
of L/2H(LH)* 1D Si/SiC, photonic crystal filter. lations of the structure’s spectral characteristics had pre-

dicted. Ultimately a filter with a 40% spectral efficiency at
must be realized that the overall filter transmission is arl500 K blackbody emitter temperature was fabricated, using
angle-weighted average transmission, as given in(8q. techniques that are easily adapted to large scale deposition of

filters on the front side of TPV system PV cells.

The results presented in this article substantiate the

VI. OVERVIEW AND CONCLUSION claims made at the beginning of this article that Si/SiD

It has been widely acknowledged that the goal of develPhotonic crystals can be used as inexpensive, practical, high-

oping TPV systems that meet critical performance bench_gl)_ir:/ormatnccte front-side spectral control components within a
context.

marks in terms of efficiency and power density relies heavily
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