Glancing angle deposition for tuning electronic transport properties of Si thin films
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Abstract

We report on electronic transport properties of B-doped Si thin films 400 nm thick sputter-deposited by glancing
angle deposition (GLAD). For each film, a fixed deposition angle « is used during the growth. A series of 9 films are
prepared changing « from 0° to 80° with increments of 10°. DC electrical resistivity, charge carrier mobility and
concentration are systematically measured in the temperature range from 290 K to 410 K. For deposition angles higher
than 40°, a tilted columnar morphology appears and becomes more defined, especially for the most grazing angles.
The highest deposition angles also lead to more resistive films with charge carrier mobility and concentration
significantly changing for o > 30°. Experimental results are discussed assuming the evolution of structural defects vs.

deposition angle in the columnar architecture of Si GLAD films.
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1. Introduction

It is well known that semiconducting behaviors of Si films can be adjusted in useful ways by modifying the structure,
the chemical composition or more commonly by introducing impurities with a doping approach [1]. However, doping
limitations have induced an important bottleneck in emerging device technologies putting stringent demands on

nanoscale control of electronic properties of semiconductor materials [2]. Although fabrication processes based-on a
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well-controlled introduction of impurities still remain one of the most efficient strategies to change electronic
properties of semiconductors, recent advances focused on nanostructuring of thin films have emerged as an original
approach to extend their electronic transport properties [3]. Among these new developments, the GLancing Angle
Deposition (GLAD) technique has turned out into an attractive method to produce original surface morphologies,
especially for designing innovative architectures [4], but also for tuning the degree of porosity in the as-deposited thin
films. Such a tunable porosity induced by the GLAD growth is of primary importance for controlling electronic
transport properties in Si thin films [5-7]. If electrical conductivity of GLAD films has commonly been investigated
for several metallic films exhibiting tilted columnar structures, very little has been reported about electronic transport
characteristics of semiconducting materials, the basic ones being silicon and germanium [8]. It is thus a relevant
scientific motivation to show and understand how a simple management of the columnar structure (by adjusting the
deposition angle) enables a precise tailoring of many intrinsic properties of semiconductors, assuming a close
connection with the nanoscale engineering obtained in GLAD thin films.

In this letter, we report on electronic transport properties of Si films sputter-deposited by the GLAD technique using
a systematic increase of the deposition angle « from 0 to 80°. DC electrical resistivity and carrier characteristics are
systematically determined as a function of temperature for the sputter-deposited Si films in order to show how this
simple deposition technique involving a tilting incidence of the sputtered atoms can tune the Si films structure.
Relationships between some structural features of Si GLAD films and their electronic transport properties are thus

investigated.

2. Material and Methods

Si films were deposited on glass substrates by DC magnetron sputtering in a 120 L chamber evacuated at a base
pressure below 10~° Pa. A p-type Si target (6 inch diameter, purity 99.9 at. %, B-doped) was DC sputtered in a pure
argon atmosphere. No external heating was applied on the grounded substrates during the deposition stage carried out
at room temperature. The GLAD technique was developed to produce tilted columnar architectures (« = 0 to 80°) by
means of an increasing deposition angle of 10° with a target-to-substrate distance maintained at 200 mm. The argon
mass flow rate was set to 30 sccm and the pumping speed was maintained at 220 L s*. Such operating conditions led

to a constant total sputtering pressure of 0.23 Pa. A constant target current of 300 mA was used for all depositions



(sputtering power and target potential of 137 W and 446 V, respectively). The deposition time was adjusted to get a
constant film thickness of 400 nm. DC electrical resistivity measurements of Si films deposited on glass substrate
were performed in air with a temperature ranging from 290 to 410 K using the van der Pauw configuration (4 probe
method). Carrier mobility and carrier concentration were similarly determined by the Hall effect using the same setup

and applying a magnetic field of 0.8 T perpendicular to the sample surface.

3. Results and Discussion

DC electrical resistivity of Si GLAD films measured at room temperature remains nearly unchanged around pagsk =
4.1-4.6 Q m for deposition angles a lower than 40° (Fig. 1). These resistivity values are higher than that of
polycrystalline Si material (psook = 4.2x102 Q m for undoped-Si [9]) since sputter-deposited thin films by GLAD
typically exhibit a poorly crystalline or even an amorphous structure with voids and defects in the columnar structure
(to see Fig. S1 in Supplementary Material). For this range of deposition angles, the shadowing effect induced by the
GLAD process is not efficient enough to modify the overall films microstructure (no clear features or tilted columns
can be observed on the SEM top and cross-section views as shown in Fig. S2 in Supplementary Material). However,
carrier concentration as well as mobility both exhibit a reverse evolution vs. deposition angle with a peculiar value at
a=30° (minimum of carrier mobility and maximum of carrier concentration leading to a nearly invariant resistivity).
These optimal values cannot be assigned to changes of grain size since all films are amorphous. It is rather connected
to stress variation commonly reported for metallic [10] and ceramic [11, 12] GLAD films for deposition angles close
to 30°. A stress relaxation is typically reported when the deposition angle is higher than 30°. As the deposition angle
increases, shadowing effect becomes significant leading to a more voided structure and developing structural defects.
As result, a stress reduction in Si films occurs, which induces enhancement of the carrier mobility due to variation of
the effective mass of free carriers [13]. A further increase of the deposition angle lowers the carrier concentration and
favors the mobility. The latter reaches Hagsk = 4.39x10" m? V' st for o = 80° whereas the carrier concentration
reduces down to paosk = 1.99x10% m=, Similarly, electrical resistivity abruptly rises from « = 50° and overpasses
1.35x10' Q m for = 80°. This behavior is directly connected to some disorders of the film microstructure (especially
porosity) produced by the shadowing effect during the columnar growth. It is worth noting that SEM pictures (to see

Supplementary Material) do not exhibit some clear nanorods, as sometimes observed in other types of GLAD films



[12, 14]. This is mainly assigned to our deposition conditions, which produce a poorly directive flux of Si atoms (a
part is certainly thermalized due to the high substrate-to-target distance used in this study, i.e., 10 cm, and the
sputtering pressure of 0.23, which cannot be reduced even more without jeopardizing the plasma stability). As a result,
the growth of clear and well-separated nanocolumns is in some extend unfavored. They become relevant for
deposition angles « higher than 50° as commonly observed for many sputter-deposited materials [4] and often reported
as critical angles giving rise to significant modifications of many physical properties of GLAD films [14]. Similarly,
the amount of growing defects increases as « rises, which favors the trapping phenomena of carriers and reduces their
concentration. This range of deposition angles (30 to 50°) corresponds to an enhancement of the geometric shadowing
effect during the growth. The latter becomes more and more significant as the deposition angle overpasses such a
range, giving rise to strong changes of the film properties. Electrical resistivity is particularly affected by grazing
deposition angles producing structural defects and developing a voided structure at micro- and nanoscales, which both
disturb characteristics of the free carriers.

For all Si GLAD films, the resistivity exhibits an expected temperature dependence corresponding to a
semiconducting-like behavior, but with a strong influence of the deposition angle (Fig. 2). Assuming a typical
Arrhenius equation (exponential law of electrical conductivity vs. temperature), the activation energy E. calculated
for each deposition angle remains again nearly constant in-between 129-147 meV up to « = 50°. Increasing the
deposition angle leads to a gradual drop of E,, the latter reaching 90 meV for the highest angles. This ease of thermally
activated electrical conduction in GLAD Si films prepared with the most glancing angles is related to structural defects
induced by the oblique angle deposition process, and also impurities such as oxygen incorporated in the porous
structure intrinsic to the tilted columnar architecture. It has been previously reported that defects [15] as well as
oxygen atoms [16] in Si material both reduce the energy gap. Since the GLAD process particularly produces growing
defects and a porous columnar structure at high deposition angles (a > 70°), they contribute to decrease the activation
energy.

The effect of deposition angle on electronic transport properties of Si GLAD films is also well illustrated by plotting
carrier mobility vs. carrier concentration (Fig. 3). A typical decrease of mobility can be observed when concentration
rises as commonly stated for silicon or other semiconducting compounds. This trends also correlates with structural

changes of the GLAD Si films when tuning the deposition angle. The shift to lower carrier concentrations and higher



mobilities as « rises corresponds to semiconducting compounds containing a high amount of growing defects
(stacking faults and point defects). It is worth noting that as the temperature increases, the slope given by the log-log
mobility vs. concentration plot tends to reduce as the deposition angle rises (particularly significant from o > 50°, and
even more visible for a = 80° in Fig. 3). This support again the growing influence of scattering by defects on carrier
mobility as the deposition angle tends to grazing values (o > 70°). The mobility model proposed by Caughey and
Thomas [17] can be used as a basic equation for fitting experimental data (calculated only at 290 K for clarity). A
typical sigmoidal curve is obtained optimizing the fitting parameters, i.e., low pmin and high pvax carrier mobilities,
reference carrier concentration prer and slope of the fit a (inset in Fig. 3). It shows again that an increase of the
deposition angle favors structural defects in the Si columnar structure. Since the carrier lifetime is dominated by the
recombination process through shallow states produced by intra-grain defects, the carrier concentration is reduced for
high deposition angles. With an increase of temperature from 290 to 410 K and for any deposition angle, the formation
of free carriers in the conduction band prevails over the recombination process. Similarly, scattering of carriers by

lattice vibrations is favored as the temperature rises leading to a lower carrier mobility.

4. Conclusion

Electronic transport properties of Si thin films 400 nm thick sputter-deposited by the GLAD technique were
investigated. The deposition angle « was gradually changed from 0° to 80°. DC electrical resistivity at room
temperature was unchanged and in-between 4.1-4.6 Q m for films prepared with the lowest angles (a < 50°). A further
increase of « gave rise to an abrupt increase of resistivity with pagsk = 1.35x10' Q m as the deposition angle was set
to 80°. This range of angles was correlated with significant microstructural modifications of the films induced by the
shadowing effect becoming the key parameter at grazing deposition angles. On the other hand, carrier mobility and
concentration exhibited a reverse evolution vs. deposition angle with a peculiar value at & = 30° (corresponding to a
nearly constant resistivity). It was argued that growing defects (especially stacking faults and point defects) increased
as a function of the deposition angle «, favoring the trapping phenomena of free carriers reducing their concentration
and enhancing their mobility when « reached the most grazing angles (« > 70°). Mobility vs. concentration of the

free carriers showed a typical sigmoidal Caughey-Thomas curve with a reduced concentration and improved mobility



for the highest deposition angles. This evolution was again related to the structural defects in the Si columnar

architecture induced by the GLAD growth.
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Fig. 1. DC electrical resistivity paosk, Carrier concentration pagsk and carrier mobility z9sx at room temperature as a
function of the deposition angle « of Si GLAD films 400 nm thick sputter-deposited on glass substrate. Lines are guide
for the eye.
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Fig. 2. DC electrical resistivity o vs. temperature T of Si GLAD films within the temperature range 290-410 K. The
deposition angle « is systematically changed from 0 to 80°. Activation energy is calculated assuming an Arrhenius
equation of the electrical conductivity as a function of the temperature.
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Fig. 3. Carrier mobility p as a function of the carrier concentration p measured by Hall effect from 290 K to 410 K
of Si GLAD films 400 nm thick prepared on glass substrate for different deposition angles a. The blue line represents
the L vs. p evolution calculated from the fitting parameters optimized at 290 K from the Caughey-Thomas equation
[17]. prer is the reference carrier concentration, a is the slope of the fit, pmin @nd pvax are the minimum and maximum
mobilities, respectively.
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Fig. S1. Grazing-Incidence X-ray Diffraction (GIXRD) patterns measured with an incidence angle & = 0.8° and a

scanning range 26 = 20-90° of Si GLAD thin films sputter-deposited on glass with different deposition angles « from
0 to 80°.
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Fig. S2. a) to h) Top and i) to p) cross-section views by Scanning Electron Microscopy (SEM) of Si GLAD thin films
prepared with different deposition angles: a), i) « = 0°; b), j) a=10°; ¢), k) @ =20°; d), ) &= 30°; €), m) a =40°;
f), n) @ =50°; g), 0) @ =60°; h), p) = 80°;. Arrows indicate the direction of incoming Si particle flux.
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Fig. S3. Carrier mobility p vs. temperature T measured by Hall effect from 290 K to 410 K of Si GLAD thin films
sputter-deposited on glass with different deposition angles « from 0 to 80°.
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Fig. S4. Carrier concentration p vs. temperature T measured by Hall effect from 290 K to 410 K of Si GLAD thin
films sputter-deposited on glass with different deposition angles « from 0 to 80°.
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