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High-purity silicon is a readily available material of utility
in realizing a variety of long-wavelength optical and guided
wave components. The transmittance of uncompensated
for silicon is measured in the far- and mid-infrared regimes
at room and cryogenic temperatures. The experimental and
analysis techniques used to extract the refractive index from
100—1000 cm~! (10010 pum) are presented, and the results
are compared to the literature. An average refractive index
below 300 cm™', #(300 K) = 3.417 4 7 8.9 x 107>, which
transitions in cooling to #(10 K) =3.389 + 7 4.9 x 1075, is
observed.

https://doi.org/10.1364/0L.393847

Silicon has found utility in the far infrared due to its low loss,
radiation tolerance, insulating properties, and general compat-
ibility with optical coating and micro-fabrication processing.
These properties have led to its widespread use in electronic [1]
as well as optical [2,3] and detector applications at cryogenic
temperatures [4,5]. As a semiconductor, the performance of
silicon in these settings is a function of temperature, photo-
illumination energy [6], and defect concentration [7,8].
Processing details such as compensated for doping [9], irradia-
tion induced defects [10—12], and thermal donor annihilation
[13] are also observed to influence silicon’s long-wavelength
absorption characteristics. Similarly, relative to p-type material,
n-type doped silicon has a lower sensitivity to the presence of dis-
locations, achieves lower recombination rates [14], and provides
a compelling candidate for low-loss infrared applications. Early
cryogenic studies of silicon [15-17] concentrated primarily on
the multi-phonon absorption response near 400— 1400 cm ™.

Here, the infrared properties of bulk silicon are char-
acterized and compared to prior measurements reported
in the literature. A high-purity silicon sample with the
following material specifications was used in this investi-
gation: uncompensated for silicon with impurity levels of
[C] <2 x 10" atoms/cm® and [O] <1 x 10'° atoms/cm?,
bulk resistivity ~ 30—40 k2 — cm, and 2.47 msec carrier life-
time at room temperature (www.topsil.com). A section of this
boule was subsequently formed into a right cylinder 25 mm in
diameter and 9.907(4) mm thick (i.e., where parentheses indi-
cate measurement accuracy) with opposing optically polished
faces maintaining a parallelism <0.2 arc-seconds.

The transmittance of the silicon sample was measured with a
Bruker IFS 125 high-resolution Fourier transform spectrometer
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(FTS) in a collimated beam geometry at physical temperatures
of 300 K and 10 K. The silicon sample was mounted in an
Oxford dynamic-flow liquid-helium cryostat with polypropyl-
ene windows, whose position corresponded to the collimated
optical region. A pair of off-axis parabolas matched to the
FTS focal number, > f/6, were used to define the collimated
beam space within the instrument sample chamber. This col-
limated configuration minimizes differences in illumination
and optical alignment encountered by the beam as it propa-
gates through the thick high-index sample versus the reference
path used for calibration. The reference and sample positions
can be interchanged in situ while maintaining the integrity of
the instrument’s evacuated optical paths. Two combinations
of sources, beam splitter and detector, were utilized to span
the targeted 30—5000 cm™' spectral band. In the spectral
range of 30—600 cm ™', a mercury arc lamp was employed in
conjunction with a 6 um Si-coated mylar beam splitter and a
liquid-helium-cooled bolometer detector. For the frequency
range of 500—5000 cm !, a globar lamp with a Ge-coated KBr
beam splitter and a room-temperature DLaTGS (deuterated
L-alanine doped triglycene sulphate) detector was utilized.
See Fig. 1 for the merged spectra from a low-resolution survey of
the transmission response at room and cryogenic temperatures.
In these measurements, the silicon wafer’s channel spectra were
intentionally unresolved by the 1 cm™! instrument resolution
to provide insight into the material’s absorption features.

Thessilicon forms a Fabry—Perot etalon whose channel spectra
envelope and fringe rate are set, respectively, by the impedance
contrast between vacuum and the faces of sample and the phase
delay in the media. With a detailed knowledge of the sample
thickness, an absolute measurement of the material’s dielectric
properties can be realized [24]. With this end purpose in mind,
additional FTS measurements were taken with a spectral res-
olution of 3.8 x 107 cm™! in order to fully resolve fringes in
the silicon etalon. Manifacier ez /. [25] demonstrate the use of
the minimum and maximum channel spectrum amplitude to
determine explicitly the refractive index and sample thickness
with high accuracy as a function of frequency in the limit of
weak dispersion and high contrast. This alternative perspective
provides insight into the accuracy and consistency of the derived
physical parameters from the measured transmittance spectra.

The classical Drude-Lorentz dispersion model [26] provides
useful physical insight into the infrared response of silicon’s rela-
tive dielectric function:
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Fig. 1. Silicon etalon transmission response was characterized with a spectral resolution of ~1 cm™" at room (blue line) and cryogenic (red line)

temperatures. The transmittance, a dimensionless ratio of the sample transmission relative to a reference measurement in the absence of the sample,
of an unresolved lossless etalon with a refractive index 3.4 is ~ 0.54 [18]. The spectral range of the far- and mid-infrared FTS measurement con-
figurations are indicated by gray and unshaded regions. The signal-to-noise ratio is degraded in the vicinity of &~ 400 cm™" due to an internal FTS
beam splitter resonance. To facilitate identification of observable absorption features in the transmittance, the carbon impurity, interstitial [Si-O]
anti-stretch [19], and phonon absorption band assignments [20—23] for silicon are adopted and displayed with annotated gray vertical lines.
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where the angular frequency of the incident radiation is w, the
contribution to the permittivity from transition energies beyond
the infrared is specified by £+, and MKS units are adopted. The
Drude term in the dielectric function accounts for free carrier
conduction through the plasma frequency, w 9> and scattering
rate, I'. The plasma frequency is defined in terms of the carrier
density, A as follows: a); = Ne?/ms,, where ¢ is the electron
charge, m is its effective mass, and &, = 8.854 x 107!2F/m
is the permittivity of free space. To lowest order, the plasma
frequency and the scattering rate are related by a); =TI/e.p,
where p is the sample’s bulk resistivity [27]. A sum of discrete
Lorentzian terms in the dielectric function parameterizes lattice
excitations in the crystal media through the oscillator strength
Ag;, center frequency w , and damping rate I'j for each line.

For low-loss materials, the complex refractive index,
n=n+ik, is the preferred parameterization to mitigate
contamination of the imaginary component of the dielectric
function [28]. The real and imaginary components of 7 are
related to the relative dielectric function by

(2

where a nonmagnetic relative permeability i, =1 is adopted
in fully specifying the dielectric medium’s electromagnetic
constituent relations.

The frequency spacing, Av, between consecutive spectral
fringes is related to the index of refraction by n(v) = m/2d Av,
where d is the physical thickness of the etalon, and the integer
m is the fringe index. Although both the fringe rate and the
channel spectrum amplitude provide information regarding
the etalon’s transmission response, the former is significantly

& =¢ +ie! =n* = (n* —k*) +i2nk,

known more precisely in fully resolved calibrated FTS spectra.
As a result, uncertainties in the sample thickness directly limit
the precision of the determination of 7 with this methodology.
Thesilicon etalon length was characterized at room temperature
and corrected for thermal contraction through the coefficient of
thermal expansion values found in Table IT of Lyon ez al. [29].
A fractional change in length of —2.1(2) x 10~% upon cooling
to 10 K was computed and used in the subsequent analyses
performed here.

The systematic uncertainty in the measured spectrum has
contributions arising from the change in illumination between
the sample and reference positions, the optical alignment of
the differing FTS configurations, as well as internal reflections
in the instrument leading to errors in the calibrated transmit-
tance [30]. These effects lead to the observed peaks and troughs
that extend beyond the envelope of the model channel spectra
shown in Fig. 2. The resolving power is influenced by the size
of the limiting stop due to the differences between the on- and
off-axis illumination paths [31]. This interference dies out
when the path difference exceeds x, =27/ pv;, where Qp
is the solid angle of the limiting stop, and v; is the observing
wavenumber. This effect produces a frequency-dependent
distortion between the measured and actual wavenumbers,
vi=v;- (1 —Qp/4mw). For the instrument configura-
tion employed, this leads to a contraction of the frequency
scale <0.003, and the correction is applied to the data before
parameter extraction.

The simulated transmittance spectra and representative
observed FTS data are shown in Fig. 2. For the data below
600cm™!, a running average of 50 channel spectra (i.e., the
average of A~ 2000 data points or equivalently a spectral range
of 7.355cm™") from the raw FTS measurements is used to
estimate the spacing for each fringe. This approach was observed
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Fig. 2. Representative sample of silicon transmittance data: raw

measured data (black line), high-resolution model (green points),
average modeled data (blue line), and residual (raw FTS data model;
red points). The gray lines indicate the envelope of the model channel
spectra. For the 10 K dataset; the RMS residual error in fitting the
model to the FTS data is 0.03. The RMS is reduced to 0.001 in fitting
the averaged transmission model to the smoothed FTS data.

to reduce the sensitivity to noise and variations in the instru-
ment response across the measurement band and is preferable
to the use of adjacent peaks (or troughs) in the raw FTS mea-
surement spectrum. The 7 values are then fit to a cubic spline
over a 60 cm™! spectral range, in a spirit similar to [32,33].
By design, this filtering strategy removes features at the scale
of the channel spectra; however, it leaves the sample’s average
spectral response as a function of frequency unchanged. The
imaginary component of the refractive index, «, is extracted
through a least-squares of the fit of the observed data (smoothed
by a 400-point boxcar) to an averaged transmission model {Eq.
(2.76); [18]}, using the real component of the refractive index as
calculated above and the physical constraint « > 0. This choice,
corresponding to sampling every & 10 fringes (or 1.507 cm™"),
is a compromise that enables 7 to be recovered with improved
signal-to-noise without influencing the intrinsic spectral fea-
tures associated with the sample response. Imperfect FT'S beam
coherence induces filling of the minima and reduction of the
maxima in the observed transmittance [31,34], which can
potentially bias the average of the spectrum. Beam coherence
factors of 0.969(2) and 0.982(0) are derived from the measured
warm and cold transmittance, respectively, and are used to
account for this effect in the modeled response.

The 7 values are subsequently regridded to a common res-
olution and corrected by fitting the transmission spectrum to
a model that accounts for the effects of the maximum inter-
nal angle of the convergent beam in the etalon, g,,= 0.872°,
using the imaginary component of the refractive index pre-
viously determined and six terms in the series of {Eq. (1);
[360]}. The same cubic spline, corrected for B,,, is used to
extend 7 above 500 cm™!, given the lack of well detectable
fringes in the observed spectrum. The absorption index, «,
is derived through the same fitting approach as for the data
below 600 cm™" with a 15-point boxcar average window.
The derived values for k were blended in the overlap region
(500—600 cm ™) through a weighted average with the follow-
ing weights: wy = {1 + tanh[£(v — v,)/6v]}/2, where the

central frequency of the weighting function is v, & 550 cm™ !,
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Fig. 3.  Silicon’s complex index of refraction: literature compi-
lation, silicon at 300 K [35] (black symbols), measured 300 K data
(blue dashed line), and measured 10 K data (red solid line). The 30
uncertainty for the absorption index is < 5.7 x 107¢ (gray shaded
region). A representative Drude model response (i.e., £ =11.7,
w, /2w =11.9 cm™!, /27 =19.0cm™!, p=51.0Q—cm) is
indicated by blue solid lines and provides a plausible explanation for
the low-frequency response in the literature data [24,35].

the = sign refers to the data above 500~! and below 600 cm ™",
respectively, and §v =20 cm™! defines the apodization scale
of the weighting function. Before blending, the « values were
characterized by a Ak /k maximum offset of & 5% between the
spectra.

For a summary of the derived refractive index, absorption
index, and a comparison to prior measurements compiled from
the literature [35], see Fig. 3. The change in absorption with
cooling is consistent with theory and represents a factor of & 2.3
reduction in k for frequencies <300 cm ™! relative to the highest
quality material (Fig. 2.25; [37]) identified in a detailed survey
of theliterature. For the silicon sample explored here, the charac-
teristic Drude response resides at frequencies below the spectral
band investigated; however, the contribution of this term mer-
its further discussion. One notes that the imaginary and real
parts of the Drude response, &”(I") = g, — &'(T") = w? /212,
are equal in magnitude at @ =T, which marks the transition
between the component of the dielectric function that domi-
nates [38]. This behavior leads to the minimum in the refractive
index, 7, at w >~ T'/2, observed in Fig. 3. Where reported mate-
rial parameters enable estimates to be computed, the position of
this feature in the refractive index has been compiled for prior
measurements and displayed in Fig. 4.

Impurity-induced absorption consistent with the Drude
model in Czochralski silicon can be contrasted with the response
of float zone silicon, which tends to exhibit weak absorption
associated with the lattice band [39]. An example where the
onset of this long-wavelength conductive response has been
observed at ambient and frozen out (i.e., transitioned to an
insulating response) at cryogenic temperatures can be found in
[40]. The lack of correlation between the bulk resistivity [i.e., a
feature associated with a spectral line at zero frequency as speci-
fied by the Drude term in Eq. (1)] and the observed infrared
material quality [41] is anticipated from the presence of the
multi-phonon lattice-band, which dominates the absorption
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Fig. 4. Silicon Drude model summary. The minimum in the real

part of the refractive index as a function of 1/, and T" is presented
for degenerately doped silicon (DDSi) and reported literature data
[27,40,42-44]. Here, for simplicity, wlz) =T/g,p and &, =11.7
are adopted in plotting the response. The dashed trend line and gray
shaded band are provided to guide the eye.

Table 1.  Silicon Refractive Index Summary at

A~10 um

A [um] n(A,300K) n(A,T7) TIK] Ref.
10 3.4215 - [35]
10.3 3.41551 3.38989 104 [45]
10.6 3.41765 3.38973 50 [46]

10 3.415 3.375 20 [47]

10 3.419(7) 3.390(4) 10 This work

response in the absence of free carriers [3,37]. To facilitate com-
parison to prior work in the short-wavelength range explored,
the magnitude of the real part of the refractive index at 10 pm
is summarized in Table 1. These observations are qualitatively
consistent with prior results; however, unspecified sample com-
position, processing, and measurement details associated with
the literature regrettably hamper a more quantitive assessment.
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