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Structural and optical properties of compensated microcrystalline silicon films
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Boron-doped microcrystalline silicon films were deposited in a plasma enhanced chemical vapor deposition (PECVD) system using silane
(SiH,) diluted in hydrogen, and diborane {Bs) as a dopant gas. The effects of the Boron concentration on the optical and structural
properties were investigated by the constant-photocurrent method (CPM) and atomic force microscopy (AFM) measurements. The variations
in the optical constants (refractive index, absorption coefficient and optical gap) as a function of wavelength were carried out from the optical
transmission and CPM spectra. By increasing the doping level, a systematic increase in the absorption coefficient spectra in the low-energy
region between 0.7 - 1.2 eV was observed. It was found that the increase of Boron concentration in the samples results in changes of the
grain size. Correlations between optical properties and the density of states (DOS) were also studied.

Keywords:Optical properties; AFM; structural properties;thin films.

Se depositaron pielulas delgadas de silicio microcristalino con bajas concentraciones de Borcgeoidatde deposion qumica en fase de
vapor asistida por plasma (PECVD) usando silano {$ttluido en hidbgeno y diborano (BHs) como gas dopante. Se realizaron estudios
de los efectos del Boro sobre las propiedadiesicas y estructurales a ti@wv del nétodo de fotocorriente constante (CPM) y medidas de
microscopa de fuerzad@mica (AFM). A partir de las medidas de transraisbptica y los espectros de CPM se obtuvieron las constantes
Opticas (ndice de refracéin, coeficiente de absoéri y gapbptico) en funadn de la longitud de onda. Debido al aumento en el nivel de
doping se obserun crecimiento sistedatico en los espectros del coeficiente de abéaren la reghn de baja enefg entre 0.7 - 1.2 eV. Se
encontb que el incremento en la concenti@tide Boro en las muestras produce un cambio en elftami@ grano. Se presenta tagiuna
correlacon entre las propiedadégticas y la densidad de estados (DOS) en el material.

Descriptores:Propiedadeépticas; AFM; propiedades estructuralesjpdabs delgadas.

PACS: 78.20.Ci; 68.55.Jk; 78.40.Fy

1. Introduction quency of 50 MHz. The substrate was Corning 7059 glass
In recent years, hydrogenated microcrystalline silicon-( and the substrate temperature was set at@60Ve used a
Si:H) has been increasingly used in the production of thinmixture of 94% hydrogen - 6% silane as source gas, with a
film based solar cells due to its higher stability comparedotal flux of 20 sscm. Diborane was used as a dopant gas, with
to hydrogenated amorphous silicon (a-Si:H) [1, 2E-Si:H ~ a concentration in the gas phase varying between 0 and 100
is usually deposited by plasma enhanced chemical vapdgpm relative to silane. The base pressure in the reactor previ-
deposition (PECVD) from silane-hydrogen mixtures, at aous to the deposition was lower thanf0Torr, while during
frequency of 13.57 MHz [3, 4]. The successful usage ofthe sample deposition, it was fixed at 480! Torr. The

thin uc-Si:H films for photovoltaic applications requires re- power density was 50 mW/cinThe films’ thickness, calcu-
liable techniques to characterize its properties. In this workated from the interference of the transmittance spectra in the
we present results from the characterization of fhrSi:H  near infrared region, ranged from 0.6 tpih. The absorption
films doped with boron. We measured optical propertiescoefficient for energies lower than 2 eV was determined from
from spectral transmittance and the constant photocurrerfionstant photocurrent measurements (CPM [7]). The MPC
method (CPM), structural properties from atomic force mi-measurements were performed on samples provided with in-
croscope (AFM) observations, and electrical transport propterdigitated aluminum contacts, separated 0.01 cm and with
erties from the modulated photoconductivity (MPC) tech-a total length of 25 cm, deposited by photolithography. Sam-
nique [5]. These last measurements were used to estimate thées were mounted in a cryostat provided with an optical win-
effect of boron incorporation on the density of states (DOS)dow, connected to a vacuum system. A 10 mW He-Ne laser
within the forbidden gap of the material. Structural propertieswas used as a light source. The incident light intensity was

were obtained from X-ray diffraction measurements. partially modulated (12.5%) by using an electro-optical mod-
ulator driven by a function generator (HP 3325A). We applied
2. Experimental to the samples a voltage of 100 V, provided by a stabilized

Samples were prepared in a capacitively coupled PECVIPOWer source. For dc photoconducti\{ity measurements we
reactor described in a previous work, [6] operated at a fre¥Sed & Keithley 617 electrometer, while for the MPC mea-
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surements, we used a lock-in amplifier (Stanford 830) to de- 10%° o
tect the modulus and phase shift of the ac photocurrent. To E
evaluate the DOS from the MPC measurements we assume:
a DOS at the conduction band edge of10?' cm—3ev—!

and a mobility gap of 1.8 eV. To study the morphological
properties, we used an atomic force microscope (Park Scien-
tific Instruments). X rays diffractio was used to confirm the
microcrystalline nature of the samples.
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—~~ E FIGURE 3. Effect of boron compensation on the DOS,af-Si:H
i\ . samples. The DOS in the upper gap region was obtained from MPC
E 10 [B H ]/[SiH ] | measurements, while in the lower bandgap region, it was obtained
(@) 1 O A 2 6 4" 3 from CPM measurements. The Fermi level position for the com-
~ C 25 ppm;j pensated sample (25 ppm diborane) is marked with an arrow.
3 10° i O 50 ppm]
| & & 75 ppmi 3. Results and discussion
1 0—1 _ ﬁ + 100 ppm ] In Fig. 1 we present tha(hv) spectra obtained by CPM for
E ® 12.5ppm ; the whole set of.c-Si:H samples. In this figure, a clear in-
| L | 1 1

S crease of the absorption coefficient in the region of energies
06 0810121416 1.8 lower than 0.9 eV can be seen when the diborane concen-
hV (eV) tration increases from 12.5 to 100 ppm. The absorption co-

efficient in this subgap region is known to be related to the
presence of defects in the material [8]. In Table | we report
the refractive index, optical bandgap and thickness of the dif-
ferent samples, as obtained from the analysis of the spectral
transmittance data, and the grain size and roughness obtained
from the AFM observations.
I : . : 3 In Fig. 2 one can observe that the DOS of the samples
] increases with the increase of the doping concentration in the
region of energies lower than from the conduction band edge.
This fact is consistent with the observations of Fig. 1, where
the absorption coefficient gradually increases in the subgap
region with the increase of the diborane concentration. For
the sample doped with 12.5 ppm of diborane,d(ler) spec-
) trum could only be obtained for photon energies larger than
[Bsz]/[S'H4] 1.05 eV. The DOS changes are closely related to the level
—0—12.5 ppm | ] of doping of the material, and can be attributed to the boron
—50 ppm| ] incorporation during the sample deposition. The increase of
.................... 100 ppm the boron concentration leads to an increase of the number
, | : | of B-H-Si sites, and consequently, to the creation of dan-
0.8 1.0 1.2 1.4 gling bonds. These type of sites are known as B-H com-
E - E (eV) plexes [10]. It has been shown [11] that the incorporation
C of small amounts of boron to compensate the sample close to
FIGURE 2. Density of occupied states extracted from the cPM the unset of microcrystallinity leads to the creation of defects.
measurements by using the de-convolution procedure proposed byhus, the DOS in the subgap region changes.
Jensen [9], for the samples with diborane concentrations of 12.5,  In Fig. 3 we show the effect of doping on the DOS of the
50 and 100 ppm. uc-Si:H samples, detected through MPC (DOS in the upper

FIGURE 1. a(hv) spectra obtained by CPM for the setof-Si:H
simples deposited varying the doping concentratiofH&/[SiH 4]
between 12.5 and 100 ppm.
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FIGURE 4. AFM images of hydrogenated microcrystalline silicon with different diborane concentrations. a)12.5 ppm, b) 50 ppm and
d) 100 ppm.

ppm to 50 ppm (Figs. 4a and 4b), the grain size changes from
TABLE |. Optical constants and morphological parameters of the 562 Ato 564 A, whereas we observed that when the Boron
thin c-Si:H samples obtained varying the;}8]/[SiH4] concentra- ~ concentration is 100 ppm, the grain size was %Blg 4c¢))
tion between 12.5 and 100 ppm. n stands for the refractive index, d'see Table 1). On the other hand, it can be seen that the rough-
for the thickness, Eg for the optical bandgap, Z for the mean grainpness of the samples is not strongly affected by the boron in-
size, and R for the root mean square roughness of the surface. corporation at concentrations higher than 12.5 ppm (see Ta-
[BoHel[SiHa (ppm) n  d(m) E(eV) zA) R(A) ble I). The mean grain size values and the rms roughness have
already been reported in Table .

125 3.17 500 1.28 562 90

25 3.19 618 1.30 564 92.1 .

50 317 619 120 986 105 4 Conclusion

& 315 649 1.30 1040 847 n this work we have presented a study of the optical and
100 3.17 916 1.13 1510 93.6  structural properties of thin hydrogenated microcrystalline

silicon samples with different boron concentrations. We

half of the bandgap) and CPM (DOS in the lower half of thefound that the absorption coefficient in the subgap region is
bandgap) measurements. This figure clearly shows that borgirongly influenced by the boron incorporation. From the
incorporation leads to an increase in the DOS of the samstudy of the morphological properties, we found that the
ples. The Fermi level position for the compensated sampl&€an grain size increases when the diborane concentration

(25 ppm of diborane) is indicated by an arrow{E 0.68 eV,  in the gas phase is increased from 0 to 100 ppm; however,
midgap). the roughness of the samples is not strongly affected. We

Through AFM observations we gained information aboutobserved that the DOS changes are directly related to the in-
the morphological properties of the thin boron-dogezt  Corporation of boron to the samples.
Si:H samples. In Fig. 4 we present AFM images of some

of the samples. Acknowledgements
Figure 4 shows an increase in the grain size of the sam-
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