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Abstract 

Finely tuning crystallinity and doping of hydrogenated microcristalline silicon thin films is a 

keypoint into obtaining high quality devices for above integrated circuit (above-IC) image sen-

sors. This study focuses on the structural and electrical properties of RF-PECVD deposited 

microcrystalline silicon (µc-Si:H) contact layers. In this work, phosphorus doped µc-Si:H is 

deposited by capacitive coupled plasma RF-PECVD (13,56 MHz) from a SiH4 + H2 + PH3 gas 

mixture with varying phosphine concentration. The influence of phosphine concentration on 

dopant concentration, active dopant concentration and crystallinity is studied by SIMS, Hall 

effect measurement and Raman spectroscopy respectively. High doping level is attained, reach-

ing up to 1.7×1020 cm-3. Furthermore, “low power” and “high power” deposition conditions are 

studied which lead to incubation layers of different nature. 

1. Introduction 

CMOS image sensors have now replaced CCD sensors in a vast majority of applications due to 

their better performance in energy consumption and speed as well as their compatibility with 

standard CMOS integrated circuit.[1], [2] Amongst CMOS sensors the two most common archi-

tectures, i.e., frontside illuminated sensors and backside illuminated sensors, have well known 

mailto:alestair.wilson@insa-lyon.fr


 

downsides such as shading from metallic interconnection and additional costs due to integration 

complexity,[3] respectively. A proposed alternative has been to introduce above-IC image sen-

sors,[4] which tacle the forementionned issues by placing the light sensitive region above the 

integrated circuit. Such a design comes with strong constraints on the process temperature al-

lowed to produce the photodiode since copper diffusion can occur above 350 °C, leading to 

critical midgap defects in silicon based transistors.[5] 

Some strong candidates for such purpose are Silicon and Germanium-based semiconductor ma-

terials which can be deposited in their amorphous or microcrystalline phase by PECVD at tem-

peratures well under 350 °C. [6]–[8] Our work will focus on exploring the growth process as well 

as the structural and electrical properties of n-type (P-doped) µc-Si:H. Undoped µc-Si:H de-

posited by PECVD typically exhibits an amorphous incubation layer which can span up to 100 

nm before nucleation of the crystalline phase.[9] Previous work conducted by other research 

groups on SiGe-based P-I-N sensors have shown that the n and p type layers typically have a 

thickness of the order of a few tens of nanometers.[10], [11] It is thus of great interest to understand 

the structural nature of thin layers as well as the impact of phosphorus doping on their proper-

ties.  

In this work we have studied the impact of deposition process parameters for micro-crystalline 

silicon phosphorous-doped layers, such as power, pressure and hydrogen dilution on film prop-

erties. Crystalline volume fraction, active and absolute dopant concentration as well as incuba-

tion layer thickness were measured and deposition conditions were found which gave a high 

doping level as well as a thin incubation layer. 

2. Experimental Section 

Films were deposited using a capacitively coupled PECVD setup working at 13,56 MHz. The 

showerhead-type powered electrode as well as the anode are 300 mm in diameter. The anode is 

at floating potential due to the reactor’s design. All the films were deposited at a temperature 

of 250 °C, on both glass (soda lime) and monocrystalline silicon. The glass substrates were 

cleaned using ultrasonic bath in an ethanol solution at 40 °C and rinced with deionized (DI) 

water while silicon was deoxydized in a 5% HF solution before being rinced with DI water.  

Deposition pressure was varied between 800 and 1000 mTorr and power set at 30 or 100 W. 

Gases used for deposition include pure silane (SiH4), pure hydrogen (H2) and hydrogen-diluted 

phosphine (0.1 % PH3 in H2). We define the hydrogen dilution factor RH = 𝜙𝐻2/𝜙𝑆𝑖𝐻4 and the 

dopant gas ratio 𝛽 = 𝜙𝑃𝐻3/𝜙𝑆𝑖𝐻4 where  𝜙𝑃𝐻3 is the pure (undiluted) phosphine gas flow in 



 

sccm. Geometrical parameters such as film thickness or roughness were measured by SEM 

(TESCAN) and AFM (Brucker). 

The crystalline volume fraction of our films was estimated locally by Raman spectroscopy us-

ing a 473 nm laser excitation. At such wavelength the absorption coefficient in both a-Si:H and 

µc-Si:H is low enough to ensure the incident photons reach the entire depth of the films, thus 

providing an averaged value for crystallinity over the whole film thickness. The transverse op-

tical component (TO) of the spectrum obtained is then smoothed and deconvoluted into three 

gaussian components as reported elsewhere in the litterature[12]–[15]: an amorphous phase con-

tribution centered around 480 cm-1, grain boundaries contribution centered around 500 cm-1 and 

a crystalline phase peak centered around 521 cm-1.[12] The Raman cristallinity Xc is then ob-

tained from the following formula : 

𝑋𝑐 =
𝐼𝑐 + 𝐼𝑔𝑏

𝐼𝑐 + 𝐼𝑔𝑏 + 𝛾 ⋅ 𝐼𝑎
 

Where 𝐼𝑐, 𝐼𝑔𝑏 and 𝐼𝑎are the areas of the crystalline, grain boundary and amorphous gaussians, 

respectively. Factor 𝛾 is a correction factor for the difference in scattering cross-section of 

amorphous and crystalline Silicon given by Bustarret et al.[14] From the area of these gaussians 

information on the crystallinity can be obtained, called the Raman cristallinity Xc. Analysis 

were performed on glass-deposited films to avoid any contribution of mono-Si substrate to the 

spectrum which would lead to an overestimation of Xc. The absolute concentration in phospho-

rus atoms in our films was estimated by Time-of-Flight Secondary Ion Mass Spectrometry 

(ToF-SIMS) measurements (Cs+ 2keV beam). Charge carrier concentration n and hence active 

dopant concentration was measured by Hall effect (Van der Pauw configuration) at room tem-

perature. Electrical contacts for Hall measurements were done using liquid InGa alloy and 

ohmic behaviour of the contacts in the range 0 – 10 V was tested prior to measurement. 

3. Results & Discussion 

3.1. Structural properties 

3.1.1. n-type doping impact on structural properties 

Phosphorus doped µc-Si:H films with varying doping gas ratio 𝛽 between 0 and 1% were de-

posited in order to investigate the impact of n-type dopant incorporation on the crystalline vol-

ume fraction obtained by raman spectrometry as shown in Erreur ! Source du renvoi introu-

vable. (a). Erreur ! Source du renvoi introuvable. (b) represents the calculated Raman crystal-

linity Xc as a function of 𝛽 for different deposition conditions. By setting the hydrogen dilution 



 

ratio RH at 25, power at 30 W, pressure at 800 mTorr and tdeposition  = 40 min, undoped films 

reach a Raman crystallinity level of 55% yet adding phosphine to the gas mixture causes a drop 

in Xc until the film is purely amorphous (𝛽 ≥ 0.5 %). Similar influence on the formation of a 

crystalline phase has been reported by Guo and Gueng[10] in the case of boron dopant inco-

poration. In our case, this issue was tacled by working with two deposition conditions, “low 

power” and “high power”, for both of which RH was increased to 50. The corresponding depo-

sition parameters can be found in Table 1.  

Table 1 : Deposition conditions for P doped µc-Si:H 

 Temperature 

[°C] 

Pressure 

[mTorr] 

Power 

[W] 

Power density 

[mW.cm-2] 

tdeposition 

[min] 

Thickness 

[nm] 

𝜷 

 

RH 

 

RH 25 250 800 30 42 40 160 0% to 1% 25 

Low power 250 800 30 42 60 168 0% to 1% 50 

High power 250 1000 100 142 60 310 0% to 1% 50 

 

    

Figure 1: (a) Raman spectra of samples deposited using RH = 25 for different gas phase con-

centration of phosphine β. The redshift and broadening of the Si-Si peak shows the crystalline 

to amorphous transition (b) Dependence of Raman crystallinity Xc on doping level in different 

deposition conditions, film thickness for RH = 25, low power and high power samples are 160 

nm, 168 nm and 310 nm respectively.  

In undoped µc-Si:H, increase in RH is known to impact strongly Xc until a sharp transition from 

amorphous to crystalline phase occurs,[16], [17] usually for RH > 20 in our conditions. High com-

pressive stress was observed in P doped µc-Si:H by Wei et al.[18] in similar experimental con-

ditions. This leads us to formulate the hypothesis that the phase transition has a mechanical 

origin, as phosphorus may prevent the nucleation of crystalline domains, their size (typically in 

(a) (b) 



 

the range of 10 to 20 nm) being unable accommodate the lattice deformation induced by tetra-

valent P atoms. A greater amount of energy is needed to allow the material to transition from a 

metastable amorphous phase to a crystalline one. Increasing RH is a way to provide energy 

locally without a need for annealing or high temperature processes. In our experiment we were 

able to maintain Xc > 60 % in the whole range tested. The slow but continuous drop in Xc as 𝛽 

increases for both low and high power films supports the idea that increasing phosphorus con-

centration while providing a constant amount of energy (or RH) necessarily leads to an increas-

ing amount of amorphous phase in our layers.  

3.1.2. Incubation layer growth 

While in doped samples, low and high power deposition conditions lead to negligible change 

in Xc at constant 𝛽, a strong difference in deposition rates due to the difference in applied power 

between low power (2.7 nm.min-1) and high power (5.2 nm.min-1) films was noticed. The dep-

osition rate was unaffected by the doping gas ratio. Incubation layer thickness in both these 

conditions was studied by depositing 6 layers of increasing thickness on glass substrates while 

keeping 𝛽 constant at 0.1%. The impact of doped layer thickness on Xc is shown in Figure 2 

(a). Layer thickness was estimated based on the deposition rate obtained via SEM images on 

thicker samples. Our measurements show a sharp transition from amorphous to crystalline 

phase when the low power layer exceeds 35 nm. In high power conditions however crystalline 

phase is detected in small amounts even for the thinnest layer and increases steadily with film 

thickness. 

     

Figure 2: (a) Dependence of Raman crystallinity Xc on deposited film thickness for 𝛽 = 0.1% 

(b) Frontside and backside Raman spectra of low and high power deposited films. The notice-

able increase in signal intensity in the amorphous region (480 cm-1) reveals the presence of an 

amorphous phase at the interface with the substrate. 

(b) (a) 



 

In order to verify the region near the substrate remained amorphous even when increasing the 

thickness of the film Raman spectra were measured on both the frontside and backside of the 

thicker films. The backside measurements were taken through the glass substrate and its con-

tribution to the spectrum was corrected by substracting the spectrum of a pristine glass sub-

strate. The optical scattering depth at the excitation wavelength (λexc = 473 nm) is of the order 

of α−1, i.e., 35 nm for a-Si:H and 160 nm for µc-Si:H. Probing of the layer through Raman 

scattering is thus sensitive to the chosen side for optical excitation. Figure 2 (b) shows the 

normalised Raman spectra in both cases, for the low power and high power 𝛽 = 0.1% samples 

(168 nm and 310 nm respectively). The broadening of the spectrum towards the amorphous 

region (~ 480 cm-1) supports the existence of an amorphous phase located close to the sub-

strate/film interface. For the low power sample, calculation of Xc yields a value of 67 % from 

the frontside and 55 % from the backside, while the high power sample yields Xc = 72 % and 

57 % from the frontside and backside, respectively. Although Raman spectrocopy does not 

provide an estimation of the incubation layer thickness, it supports the model of a thin amor-

phous layer at the film/substrate interface. 

     

    

Figure 3: AFM surface image of low power (top) and high power (bottom) deposited films for 

two samples of increasing film thickness. 
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Further results were obtained by AFM measurement of the same films, deposited on mono-Si 

(Erreur ! Source du renvoi introuvable.). While a-Si:H deposition leads to films with little 

roughness as shown by Collins et al. and Abelson et al., µc-Si:H growth is in part recogniseable 

due to its “caufliflower-like” surface topography which emerges from the growth of the crys-

talline phase. This marked increase in roughness due to the presence of a crystalline phase has 

been described by Vallat-Sauvain et al.[19] and Matsuda[16] in hydrogenated microcrystalline 

Silicon and Jordan et al.[20] in hydrogenated microcrystalline Germanium thin films. In low 

power conditions crystalline nodules totally cover the surface in the 46 nm thin sample while 

the 26 nm layer shows no sign of crystalline phase. Such a change in surface topology supports 

our Raman spectroscopy observations regarding the sharpness of the amorphous to crystalline 

transition (Figure 2Erreur ! Source du renvoi introuvable. (a)). In high power conditions 

AFM imaging confirms the existence of sparsely distributed crystalline nodules in the 17 nm 

and 34 nm thin samples. 

With the observed differences in the evolution of Xc with film thickness in both conditions as 

displayed in Figure 2Erreur ! Source du renvoi introuvable. emerges the question of prefer-

able deposition conditions. As crystalline phase is favorable for electronic transport as well as 

doping, one could argue the low power conditions are to be favored as they yield a higher dop-

ing level and a higher Xc for thick films. However, when looking at thinner films high power 

conditions will lead to a partially crystalline layer where low power conditions are fully amor-

phous. Depending on the desired thickness either set of deposition conditions may be prefered. 

The backside Raman scattering experiment reveals the region close to the substrate stays par-

tially amorphous even with increasing thickness. The extent of that incubation layer is known 

to be less than the 35 nm necessary to the phase transition in low power conditions (Figure 2 

(a)). It must be pointed out that thinner amorphous incubation layers have been obtained for µc-

Si:H by using a two step, layer by layer process.[9], [17], [21] However these layers where undoped 

and as seen in Erreur ! Source du renvoi introuvable. (a) the addition of phosphine to the gas 

mixture prevents crystalline phase nucleation. Thinner incubation layers may also be obtained 

by further increasing the hydrogen dilution factor RH, at the cost of a low deposition rate. The 

importance of the nature of the substrate must also be mentionned as our Raman spectroscopy 

measurement cannot be conducted for µc-Si:H films deposited on mono-Si. However, similarly 

to epitaxial growth techniques, the emergence of a crystalline order is favored in presence of an 

ordered interface. Hence we expect to obtain higher Xc as well as thinner incubation layers for 

materials deposited on crystalline substrates.  



 

3.2. Electrical properties of P doped µc-Si:H layers 

3.2.1. Total and active dopant concentration 

Electrical properties of our films were measured using a Hall effect setup and chemical com-

position in terms of absolute phosphorus concentration in the film was mesured by SIMS in the 

entire depth of the films and was found to be homogeneously distributed. Results are shown in 

Figure 4 (a).  

   

Figure 4: (a) Phosphorus concentration in the deposited films measured by ToF-SIMS , and 

active P concentration determined by Hall effect, as a function of the phosphine to silane ratio 

in the PECVD chamber (b) Solid phase phosphorus concentration as a function of gas phase 

phosphine to silane ratio, the dashed line corresponds to a 1:1 ratio between [P]/[Si] and 𝛽  

High doping levels are achieved with n > 1020 cm-3 for the most doped µc-Si:H layers, with a 

higher [P] for low power samples, regardless of the measurement technique used. In both set of 

samples and for the whole range of doping investigated the activation rate of incorporated do-

pant atoms, i.e. the [P]Hall/[P]SIMS, is over 30 %. It is encouraging considering that µc-Si:H con-

tains numerous structural defects when compared to its monocrystalline counterpart. At equiv-

alent phosphine level 𝛽, our sample exhibit a doping level two orders of magnitude greater than 

what was reported by Wei et al.[18] while Backhausen et al.[22] have reached similar doping 

levels with 𝛽 = 2 %. An excess in defects or segregation of phosphorus to grain boundaries 

would have led to a lower activation rate and thus made it impossible to reach these high doping 

levels. The detailed values of conductivity σ, mobility μ and doping levels 𝑛 obtained by Hall 

effect measurement are reported in Erreur ! Source du renvoi introuvable.. The uncertainty 

is less than 0.1 % for σ and less than 5% for 𝑛 and μ.  Figure 4 (b) reveals almost no preferential 

incorporation of phosphorus in the film compared to silicon. In the studied range, the [P]/[Si] 

(a) (b) 



 

ratio is linearly dependant on the dopant gas flow ratio 𝛽 with a slight preference for P incor-

poration in low power (r = [P]/( 𝛽 ⋅[Si]) = 0.94) over high power (r = 0.73) conditions. Such 

behaviour can be explained in terms of bond dissociation energy of Si-H and P-H bonds, as 

both values are close yet ED(P-H) = 3.55 eV > ED(Si-H) = 3.08 eV.[23] 

3.2.2. Limitations of Hall effect measurement 

Raman scattering experiments provide a depth-averaged information on Xc. However the thick 

samples (168 nm and 310 nm, for low and high power deposited films, respectively) used for 

Hall effect measurements were analysed considering the assumption of a homogeneous and 

isotropic material. In these layers, the amorphous incubation layer may act as a high resistance 

in parallel to the low resistance microcrystalline layer. As the calculation for the doping level 

involve film thickness, an under estimation of the effective doping level, and consequently of 

the activation rate of the crystalline phase is likely. A rough estimation of the order of magni-

tude of the error commited on doping level measurement can be performed considering the 

layer is mainly amorphous for the initial 30 nm deposited (Figure 2Erreur ! Source du renvoi 

introuvable. (a)). The doping level could be underestimated by 18 % and 10 % in low and high 

power conditions, respectively.  

Table 2 : Hall effect measurement of conductivity (σ), mobility (μ) and doping level at room 

temperature in the Van Der Pauw configuration.  

𝛽 
low power high power 

𝜎 [S.cm-1] 𝜇 [cm².V-1.s-1] doping level [cm-3] 𝜎 [S.cm-1] 𝜇 [cm².V-1.s-1] doping level [cm-3] 

0.05% 1.078 0.615 -1.09E+19 0.338 0.454 -4.64E+18 

0.10% 2.195 0.630 -2.18E+19 0.812 0.385 -1.33E+19 

0.50% 8.772 0.651 -8.41E+19 5.690 0.602 -5.90E+19 

1.00% 13.218 0.487 -1.70E+20 9.512 0.602 -9.86E+19 

 

4. Conclusion 

PECVD conditions suited for deposition of phosphorus highly doped microcrystalline silicon 

were found. Tendency of P doped µc-Si:H to undergo a crystalline to amorphous transition was 

prevented by increasing Hydrogen dilution from RH = 25 to 50, leading to a decrease in depo-

sition rate. In such conditions, AFM and Raman crystallinity measurements revealed that a high 

power (100 W) and high pressure (1 Torr) regime leads to a more continuous nucleation of 

crystallites with film thickness contrary to the low power regine (30 W, 0.8 Torr) which grows 

as an amorphous layer for the first 23 nm before crystalline phase nucleation.  Without a fully 



 

amorphous incubation layer, high power conditions could be better suited for electrical contact 

layers in PIN junctions. An experimental comparison of the electrical performance of a PIN 

device with either low or high power n-type layer would be needed in order to confirm our 

hypothesis. SIMS and Hall effect measurements show that lower power and pressure (30 W, 

800 mTorr) conditions leads to a 20% higher phosphorus incorporation in the film from the 

plasma. However activation rate of incorporated phosphorus does not depend on the deposition 

conditions chosen and n-type doping levels reaching 1.7×1020 cm-3 was obtained. 
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