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Phosphorus (P) or boron (B) atoms can be doped at temperatures as low as 80 to 350 �C, when

crystalline silicon (c-Si) is exposed only for a few minutes to species generated by catalytic

cracking reaction of phosphine (PH3) or diborane (B2H6) with heated tungsten (W) catalyzer. This

paper is to investigate systematically this novel doping method, “Cat-doping”, in detail. The electri-

cal properties of P or B doped layers are studied by the Van der Pauw method based on the Hall

effects measurement. The profiles of P or B atoms in c-Si are observed by secondary ion mass spec-

trometry mainly from back side of samples to eliminate knock-on effects. It is confirmed that the

surface of p-type c-Si is converted to n-type by P Cat-doping at 80 �C, and similarly, that of n-type

c-Si is to p-type by B Cat-doping. The doping depth is as shallow as 5 nm or less and the electri-

cally activated doping concentration is 1018 to 1019 cm-3 for both P and B doping. It is also found

that the surface potential of c-Si is controlled by the shallow Cat-doping and that the surface recom-

bination velocity of minority carriers in c-Si can be enormously lowered by this potential control.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895635]

I. INTRODUCTION

Impurity doping to crystalline silicon (c-Si) at low tem-

peratures is required for fabrication of various devices such

as ultra-large scale integrated circuits (ULSI), thin film tran-

sistors for displays, and solar cells. Shallow doping of impur-

ities is also required in fabricating ULSI and other devices,

apart from the control of surface potential of c-Si solar cells.

We have discovered that phosphorus (P) atoms can be

doped into c-Si at substrate temperatures lower than 350 �C
and that the surface of p-type c-Si is converted to n-type by

P doping1,2 when c-Si surface is exposed to the ambient of

species generated by catalytic cracking reaction of phosphine

(PH3) gas with heated tungsten (W) catalyzer. Then, we have

attempted to dope boron (B) atoms into c-Si similarly by

using diborane (B2H6) instead of PH3. However, the detailed

story about this novel low temperature doping method,

named “Cat-doping”, has not been clearly mentioned. This

paper is to demonstrate systematically the results of investi-

gation on Cat-doping in detail.

After confirming that metal contamination originating

from heated W catalyzer is negligible, the electrical proper-

ties of P or B doped layers are studied by the Van der Pauw

method based on the Hall effects measurement. The profiles

of P or B atoms in c-Si are observed by secondary ion mass

spectrometry (SIMS), mainly from back side of samples to

eliminate influence of knock-on effects of probing ions. The

P profiles after doping through thin oxide layers on c-Si are

also observed to confirm the doping depth. It is found that

the surface of p-type c-Si is converted to n-type by P Cat-

doping at 80 �C, and similarly, that of n-type c-Si is to p-type

by B Cat-doping. The doping depth is as shallow as 5 nm or

less and the doped carrier concentration is 1018 to 1019 cm�3

for both P and B doping. In addition, as possible application

of this novel technology, the control of c-Si surface potential

is attempted by the shallow Cat-doping, and it is found that

the surface recombination velocity of minority carriers in

c-Si is enormously lowered by this potential control.

II. FUNDAMENTALS FOR EXPERIMENTS

A. Apparatus and process parameters

The Cat-doping experiments were carried out by using

the conventional apparatus for catalytic chemical vapor dep-

osition (Cat-CVD), often called Hot-Wire CVD. A schematic

view of the typical Cat-doping apparatus is shown in Fig. 1.

A stainless steel chamber with a diameter of 30 cm and a

height of 30 cm was used as the apparatus and tungsten (W)

wires with a diameter of 0.5 mm and a length of about 2 m

were used as catalyzers. Experimental parameters of Cat-

doping are summarized in Table I. In the table, the tempera-

ture of catalyzer, the surface area of the catalyzing wire, the

substrate temperature, the gas pressure during Cat-doping

process, the flow rate of gas X and the distance between the

catalyzer and the substrates are referred to as Tcat, Scat, Ts,

Pg, FR(X) and Dcs, respectively. Both PH3 and B2H6 gases

FIG. 1. Schematic view of Cat-doping apparatus.
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were diluted to 2.25% by helium gas, however, here, the

flow rate of doping gas is expressed by net values.

For both Cat-CVD and Cat-doping, Tcat is one of the

most important parameters. However, contrary to CVD, to

suppress the surface etching due to hydrogen (H) atoms, pro-

duced at catalyzer from H2 gas or hydrogenated doping gas

such as PH3 or B2H6, Tcat for Cat-doping is lowered from

about 1800 �C of Cat-CVD to about 1300 �C as mentioned

below. In addition, the surface contamination of impurities

originating from the catalyzer should be carefully avoided.

Thus, at first, the effect of surface etching on Tcat was inves-

tigated, and then, the contamination from the catalyzer was

studied.

B. Surface roughness due to etching during process

Figure 2 shows the surface roughness of c-Si as a func-

tion of Tcat, after exposure to H atoms generated from H2 at

W catalyzer. Pg, FR(H2), and the process times were 1 Pa,

20 sccm and 60 s, respectively. The surface roughness was

measured on an atomic force microscope (AFM) of Digital

Instruments NanoScope, IIIa, and the roughness itself is

expressed by root mean square (RMS) of measured values.

The surface roughness is likely to increase as Tcat increases.

However, it is only 0.2–0.3 nm for Tcat of 1300 �C, although

the RMS of original c-Si surface is also around 0.2 nm. From

the figure, it is known that the surface roughness is negligible

up to Tcat of 1300 �C. Thus, in Cat-doping, Tcat is mainly

fixed at 1300 �C for P Cat-doping and kept at lower than

1300 �C for B Cat-doping, except for experiments of other

purposes.

C. Surface contamination during process

Next, the surface contamination was studied by the total

reflection X-ray fluorescence (TXRF), using Rigaku,

TXRF3750S and the Rutherford back-scattering (RBS),

using an accelerator of Nisshin-Highvoltage, NISSHIN-

1700 H. Since direct observation of contaminants on surface

of c-Si is not easy, the contamination inside a-Si and silicon

nitride (SiNx) films both deposited by Cat-CVD was

observed to know flux density of contaminants emitted from

heated catalyzers. Figure 3 demonstrates the W concentra-

tion in deposited a-Si films as a function of Tcat. In the figure,

apart from our data taken by TXRF and RBS, SIMS data

reported by other two groups3,4 are plotted together. In RBS,

2.0 MeV helium ions were used as incident probing ions.

The W concentration in a-Si is likely to increase as Tcat

increases. In this case, the deposition rate (DR) of various

TABLE I. Parameters for Cat-doping of P and B atoms into c-Si.

P Cat-doping B Cat-doping

Temperature of catalyzer, Tcat RT-1800 �C RT-1800 �C

mainly 1300 �C mainly< 1300 �C

Surface area of catalyzer, Scat 31 cm2 31 cm2

Temperature of substrate, Ts RT–350 �C RT–350 �C

Gas pressure during process, Pg 0.5–3 Pa 0.5–3 Pa

Flow rate of PH3, FR(PH3) PH3 is diluted to 2.25% by helium 0–0.6 sccm —

Flow rate of B2H6, FR(B2H6) B2H6 is diluted to 2.25% by helium — 0–4 sccm

Flow rate of H2, FR(H2) Sometimes H2 is added to doping gas 0–20 sccm 0–20 sccm

Distance between catalyzer and substrate, Dcs 12 cm 12 cm

Process time 0.5–240 min 0.5–240 min

FIG. 2. Surface RMS roughness of c-Si by H etching vs. Tcat. FIG. 3. W concentration in a-Si films vs. Tcat.
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a-Si films is 0.5–4.0 nm/s and Ts¼ 150–400 �C. The deposi-

tion conditions for each a-Si film are not same, however,

they are in a certain range, that is, Pg, FR(SiH4) and Dcs were

1–5 Pa, 3.6 sccm, and about 1–5 cm, respectively.

Figure 4 demonstrates the sheet density of all impurities

which can be detected by TXRF for SiNx films prepared at

Tcat of 1800 �C by 40 runs of deposition with same deposi-

tion conditions.5 In this case, Scat, FR(SiH4), FR(ammonia,

NH3), Pg, Ts, and Dcs were 88 cm2, 15 sccm, 300 sccm,

10 Pa, 400 �C and about 4 cm, respectively. DR was about

70 nm/min.

In the films, apart from W, impurities such as iron (Fe),

vanadium (V), nickel (Ni), manganese (Mn), zinc (Zn), chro-

mium (Cr), copper (Cu), and titanium (Ti) were detected.

Real origin of these contaminants is not clear, however, it is

believed that the most of impurities come from W wires as

impurities contained in W. In the present experiments, high

purity W wires supplied by Allied Materials Corp. were

used. The total densities of various impurities are less than

1011 cm�2 for Tcat¼ 1800 �C. In TXRF, the measured depth

is believed to be about 10 nm from penetration depth of

X-ray. That is, the atomic density of impurities is roughly

estimated to be 1017 cm�3 at Tcat of 1800 �C. The value is

also equivalent to that shown in Fig. 3 for a-Si deposition.

Since DR of the film was 70 nm/min, the total number of

impurities in a newly grown layer per a minute was esti-

mated to be 7� 1011 cm�2. This means that the flux density

of sum of all impurities emitted from the catalyzer is

7� 1011 cm�2min�1 for Tcat of 1800 �C, Dcs of 4 cm, and

Scat of 88 cm2. The value of Scat is larger and Dcs is shorter

than the present conditions for Cat-doping, and thus, the data

appear to make the contamination more serious than the

present Cat-doping.

From Fig. 3, it is found that the contamination is low-

ered by about 5 orders of magnitudes when Tcat is lowered

from 1800 �C to 1300 �C. That is, the flux density of contam-

inants is around 7� 106 cm�2 min�1 at maximum. As men-

tioned later, it is found that the sheet carrier density of

doping impurities such as P and B atoms is on the order of

1012 cm�2 for process time of 60 s. This means that the influ-

ence from contamination of any impurities is negligible for

Cat-doping when Tcat is kept at around 1300 �C.

D. Measurement of electrical properties for Cat-doped
samples

The electrical properties of Cat-doped c-Si were meas-

ured by the Van der Pauw method, based on the Hall effects

measurement. The size of rectangular samples was usually

10 mm� 10 mm, and four electrodes with a diameter of

1 mm were formed at the four corners of rectangular sam-

ples. In the Van der Pauw method, the size of electrodes is

required as small as possible. However, the present configu-

ration appears enough to obtain the data within error of 10%,

according to the model measurements using a simple c-Si

sample. The measurement was carried out by using the Hall

effects measuring system, Bio-Rad, HL5500PC, mainly at

room temperature, but, in some cases, to know the activation

energy, it was carried out in various temperatures from

200 K to 310 K.

When the doping depth is shallow, the carrier concentra-

tion has a possibility to be influenced by surface defects of

c-Si samples. If surface potential of c-Si is forced to be bent

because of the surface defects, the measurements of doped

carrier density may be affected. Therefore, here, Cat-doped

c-Si samples were coated with an intrinsic (i-) amorphous-

silicon (a-Si) film, since the interface between a-Si and c-Si

is known as almost perfect6 and a-Si films are often used as

passivation films for c-Si surface.7 In addition, electric con-

duction through a-Si is possible, although good conduction

will not be expected if insulating films such as silicon-

dioxide (SiO2) are used as passivation instead of a-Si.

Figure 5 shows two types of electrodes used in the

experiments. One is n-type-a-Si/aluminum (Al) stacked elec-

trodes A, Fig. 5(a), and the other only Al but on thin i-a-Si

layer, electrodes B, Fig. 5(b).

Figure 6 shows the sheet carrier density and the carrier

mobility of P Cat-doped samples, as a function of the thick-

ness of coated a-Si films. The Cat-doped samples were pre-

pared with Ts¼ 150 �C, Pg¼ 1 Pa, FR(PH3)¼ 0.43 sccm and

process time of 10 min. The sheet carrier density of the sam-

ple without a-Si coating film could be measured only by the

stacked electrodes A. The figure shows that coating by a-Si

makes measured data stable at about 3–5� 1012 cm�2 for

case of both electrodes A and B, although the value,

1010 cm�2, obtained without i-a-Si coating appears ambigu-

ous due to the effect of surface defects. The mobility of

doped layer is about 200 to 300 cm2/Vs, and the value

FIG. 4. Sheet concentration of contaminants in Cat-CVD SiNx films.

FIG. 5. Structure of electrodes for Van der Pauw measurements: (a) i-a-Si

(0-10 nm)/nþ-a-Si/metal and (b) i-a-Si(0-10 nm)/metal.
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appears reasonable for P doped c-Si. That is, the influence of

i-a-Si itself does not affect measured data of sheet carrier

density. From the figure, here, the electrical properties of

Cat-doped samples were evaluated after coating c-Si surface

with an about 10 nm-thick i-a-Si layer and evaporating Al

with a diameter of 1 mm on them.

E. Measurement of profiles by SIMS

As demonstrated below, Cat-doped P atoms distribute at

the depth of about several nm. For observation of such shal-

low doped impurities, some methods of surface analysis such

as X-ray photo-emission spectroscopy (XPS) and Auger

electron spectrometry would be considered. However, as

also demonstrated below, the concentration of P atoms is

usually less than 1 atomic %, that is, less than detection limit

of ordinary designed measuring equipment. Thus, here, we

chose SIMS to know profiles of doped atoms, although the

precise measurements of P profiles by SIMS are not so easy

when the doping depth is as shallow as several nm.

For instance, the measurement of P atoms with a mass

number of 31, 31P, is likely to suffer from the interference of

fragments with the same mass number, formed by the combi-

nation of Si isotope of a mass number 30, 30Si, with H atom

of a mass number of 1, 1H. Here, for distinguishing the mass

difference between 31P and 30Siþ1H, we used a high mass

resolution SIMS system with a magnetic mass-analyzer

using 5 kV primary ions of cesium (Cs), CAMECA, IMS-7F.

However, since the relatively high energy is used as primary

ions to increase mass resolution, the depth resolution is

sacrificed for it. Thus, for the measurements with high depth re-

solution, we used a different SIMS system, PHI, ADEPT 1010,

using a quadrupole mass analyzer with probe ions of 1 keV.

Figure 7 shows the P profiles observed by both IMS-7F

and ADEPT 1010, to know the difference of these two sys-

tems. P Cat-doping was carried out with Ts¼ 80 �C,

Pg¼ 1 Pa, FR(PH3)¼ 0.43 sccm and process time of 5 min,

and the Cat-doped c-Si was coated with a 60 nm-thick i-a-Si

prepared by Cat-CVD with Tcat¼ 1750 �C, Ts¼ 90 �C,

Pg¼ 0.5 Pa and FR(SiH4)¼ 10 sccm. From the figure, it is

known that the depth profiles of P atoms measured by two

systems show the different penetration depth and that the

penetration depth by the high mass resolution SIMS looks

more than 2 times deeper than that by the high depth resolu-

tion SIMS. Contrary to it, the peak density of P atoms at

interface between c-Si and coated a-Si for the high mass re-

solution system is about 1/10 smaller than that for the high

depth resolution system.

In addition, SIMS has another problem originated from

the knock-on effect by probing ions. Figure 8 shows the

SIMS profiles of P atoms for the Cat-doped sample prepared

with Ts¼ 80 �C and process time of 60 s. In the figure, two

profiles are shown. One is conventional and measured from

FIG. 6. Sheet carrier density and Hall mobility as a function of thickness of

inserted i-a-Si layers for P Cat-doping.
FIG. 7. Concentration of P atoms vs. depth, observed by two types of SIMS

systems for high depth resolution and high mass resolution.

FIG. 8. P Concentration vs. depth, observed by high depth resolution SIMS

from both front side and back side of samples.
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the front side of sample. The other is measured from the

back side of sample by etching. It is clear that when the pro-

file is observed from the front side, it shows the exponential

distribution, but when it is observed by the back side, the

measured profile looks different. It appears to follow com-

plementary error function (erfc) or Gauss distributions.

Thus, here, we discussed the profiles mainly by using the

SIMS data measured from the back side of samples, although

the data taken from the front side were often used to know

the number of total doped atoms.

III. RESULTS OF CAT-DOPING

A. Electrical properties

At first, the conduction type of Cat-doped samples was

checked by the Hall effects measurement. The Hall voltage

of the samples were measured under the magnetic flux of

0.32 T, applied normally to the sample surface. Figure 9

demonstrates the Hall voltages as a function of applied cur-

rents for both P and B Cat-doped samples. P Cat-doping was

carried out to B-doped p-type c-Si with hole concentration of

1013 to 1014 cm�3, and B Cat-doping was also to P-doped n-

type c-Si with electron concentration of 1013 to 1014 cm�3.

In the figure, similar Hall voltage of an original p-type c-Si

is demonstrated for comparison. Ts for Cat-doping was

350 �C in this case, however, the results for the sample of

Ts¼ 80 �C were not so different from those shown here.

From the figure, it is confirmed that the conduction type of P

Cat-doped sample is converted to n-type from original

p-type, and also that n-type c-Si is converted to p-type by B

Cat-doping. This demonstrates that the conduction type can

be converted by Cat-doping for Ts much lower than tempera-

tures for the conventional impurity doping by thermal

diffusion.

Figure 10 shows the sheet carrier concentration and the

conduction types as a function of Tcat for P Cat-doping into

p-type c-Si mentioned above. In this case, Ts was 80 �C. As

shown in the figure, the sheet carrier density is likely to

increase as Tcat increases. However, the conduction type is

kept p-type for Tcat lower than 800 �C, and it is converted to

n-type when Tcat exceeds 1000 �C. According to the recent

reports by Umemoto et al.,8 PH3 is decomposed to P and H

by cracking on W catalyzer heated over 1000 �C, and the

amount of such cracked species increases exponentially as

Tcat increases. This clearly demonstrates that the existence of

species generated by cracking of PH3 is essentially necessary

for this low temperature Cat-doping.

As explained below, P atoms distribute at the depth of

several nm in c-Si. If doping depth of P atoms is approxi-

mated to 5 nm, since the sheet carrier concentration is at the

order of 1012 cm�2 as shown in Fig. 10, the carrier concentra-

tion of doped P atoms at near to c-Si surface is estimated to

be 1018–1019 cm�3. The value appears enough to convert the

conduction type.

In case of B Cat-doping, the situation is a little bit com-

plicated. W surface is easily converted to W-boride during

process, and this appears to reduce the reproducibility of B

Cat-doping. In addition, B2H6 is easily thermally decom-

posed. For instance, when Ts is 350 �C, the surface of n-type

Si is converted to p-type by B doping even if the catalyzer is

not heated. B2H6 is thermally decomposed for Ts over about

300 �C and the simple thermal diffusion appears to occur for

B doping at Ts¼ 350 �C. However, when Ts is 80 �C, B dop-

ing cannot be detected when the catalyzer is not heated.

Figure 11 demonstrates the sheet carrier density of B

Cat-doped samples as a function of Tcat, taking Ts as a pa-

rameter. B Cat-doping was carried out into n-type c-Si with

electron carrier concentration of 1013 to 1014 cm�3 as similar

as the case mentioned in Fig. 9. When Ts is kept at 80 �C, the

effect of B Cat-doping is clear, and the conduction type is

converted from original n-type to p-type as Tcat increases at

over 500 �C. Tcat required for the conversion of conduction

type appears different from that for P Cat-doping and much

lower than that. In addition, when Ts is 350 �C, the surface of

c-Si is already converted to p-type by the simple thermal dif-

fusion in addition to Cat-doping. For Tcat over 1000 �C, the
FIG. 9. Hall voltages vs. applied currents for P Cat-doped, B Cat-doped and

original p-type c-Si samples.

FIG. 10. Sheet carrier density of P Cat-doped c-Si as a function of Tcat.
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sheet carrier density for the samples at both Ts¼ 80 �C and

350 �C is likely to decrease. This may be caused by forming

W-boride on W catalyzing wires and losing sufficient species

to control the carrier density of c-Si. The reproducibility of

B Cat-doping for Tcat over 1000 �C appears quite low. The

sheet carrier density for Tcat over 1000 �C is likely to fluctu-

ate depending on how long the catalyzer is used. For B

Cat-doping, Tcat lower than 1000 �C appears better.

B. Profiles of Cat-doped atoms

In SIMS measurements, if a real P profile is so sharp,

approximately a delta function, the observed profile becomes

a Gauss distribution (Gaussion) due to the depth resolution

of measuring system.

Figure 12 demonstrates the plots of P profile which have

been already shown in Fig. 8 as a profile observed from the

back side of a sample. When the surface of c-Si is exposed

to P-related species with constant concentration, doped P

profile should be expressed by erfc as a solution of the con-

ventional diffusion equation. The profile in the figure appears

to follow erfc. However, the difference between erfc and

Gaussian is quite small, and the profile appears also to fol-

low Gaussian as shown in Fig. 12. This may mean that the P

Cat-doped depth is so shallow, several nm or less, and equiv-

alent to the value of depth resolution.

Figure 13 also demonstrates two P profiles for Cat-

doped samples with Ts¼ 80 �C, Pg¼ 1 Pa, process times of

1 min and 4 min. When the process times increases, the pro-

file appears to spread slightly. However, the difference of

two profiles is quite small and sometimes depends on the dif-

ference of depth resolution for each measurement. Actually,

when the process times increases to 16 min, the profiles are

not so different from that of 4 min, although the expansion of

distribution is expected depending on the root of times. The

time dependence of the profiles will be discussed later.

C. Activation energy of carrier density

From the above results, it is known that the doping depth

is limited at a region adjacent to the surface. In that case,

how P atoms are incorporated in c-Si structure? To know it,

next, we measured the temperature dependence of the sheet

carrier density of P Cat-doped sample prepared with

Ts¼ 80 �C, Pg¼ 1 Pa and process time of 60 s. Figure 14

shows the sheet carrier density of such a sample as a function

of reciprocal of measured temperatures for range from 200 K

to 310 K. Since the absolute values of sheet carrier density

are likely to fluctuate for sample to sample, it is expressed by

arbitrary unit to avoid confusion. The activation energy for

this temperature range is believed to show the effect of dop-

ing impurity. The value is about 0.045 eV and appears nor-

mal for the c-Si in which P atoms are substituted into Si-sites

and working as donors. That is, P atoms appear to work as

similar as those incorporated into c-Si by high temperature

thermal processes.

FIG. 11. Sheet carrier density of B Cat-doped c-Si as a function of Tcat.

FIG. 12. P concentration vs. depth by SIMS from the back side. Fitting

results using erfc and Gaussian are also shown for comparison.

FIG. 13. P concentration vs. depth by SIMS from the back side for Cat-

doped samples with process times of 1 and 4 min.
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D. P Cat-doping through thin oxide layer

Since P Cat-doping depth is so shallow and it does not

appear easy to know exact doping depth from SIMS data, we

attempted to dope P atoms through very thin silicon-oxide

(SiOx) layers formed on c-Si surface and to measure the

sheet carrier density after removing SiOx layers of various

thicknesses. The SiOx layer is prepared by dipping c-Si in

boiled hydrogen peroxide (H2O2) solution for several

minutes at about 90 �C. Since the control of SiOx thickness

is not easy, we selected the c-Si samples with various thick

SiOx layers. The thickness of SiOx layers is measured on an

ellipsometer of Woolam, V-VASE. After P Cat-doping, the

SiOx layer is removed by 2% hydro-fluoric acid (HF) solu-

tion and after that the surface is immediately covered with a

10 nm-thick Cat-CVD i-a-Si layer for Van der Pauw

measurements.

Figure 15 demonstrates the sheet carrier density and the

conduction types as a function of the process times, after

p-type c-Si samples of the original hole concentration of

1013 to 1014 cm�3 are Cat-doped by P atoms through SiOx

layers with thicknesses of 0 to 7 nm. In the figure, the thick-

ness of SiOx layers is taken as a parameter. P Cat-doping

was carried out with Ts¼ 350 �C and Pg¼ 1 Pa. When c-Si is

not covered with the SiOx layer, after process time of 1 min,

the surface of p-type c-Si is converted to n-type and the sheet

carrier density becomes to about 2–3� 1012 cm�2. However,

when c-Si is covered with 4 nm-thick SiOx, the surface of

p-type c-Si is not converted to n-type at the process time of

1 min but converted after the process times over 5 min.

When the thickness of SiOx is 7 nm, no conversion is

observed any more. In addition, even after the conduction

type is converted, the sheet carrier density cannot reach the

value of the sample without SiOx.

These results clearly demonstrate that Cat-doping phe-

nomena are not caused by simple adsorption of unknown

species on c-Si surface, P atoms can diffuse through a thin

SiOx layer, and that P atoms reaching to c-Si are working as

donors. Although the penetration depth of P atoms inside c-

Si is still not known from the present experiment, the results

shown in Figs. 12–14 suggest that it is the depth where P

atoms are surrounded by many Si atoms in c-Si, but shal-

lower than several nm. However, at the same time, it should

be also noted that the sheet carrier density is likely to satu-

rate after the process times over several min. If the phenom-

ena are attributed to a simple diffusion process, the value

should increase monotonically as the process time increases.

This is discussed later.

IV. DEVICE APPLICATION OF CAT-DOPING

The Cat-doping is a newly developed technology, and

the study on the mechanism of low temperature impurity

doping is still under the way. However, the feasibility of de-

vice application is apparent. The shallow doping can be used

to control the surface potential of various semiconductor

devices. For instance, the surface passivation for c-Si solar

cells can be improved by the electric field effects due to shal-

low Cat-doping.

The c-Si surface can be passivated with i-a-Si or SiNx

layer prepared on it. We have already reported the improve-

ment of passivation quality of Cat-CVD i-a-Si9 and

SiNx10,11 films by introducing Cat-doping, prior to the depo-

sition of such passivation films. However, to demonstrate the

usefulness of Cat-doping and also to confirm P atom doping

at low temperatures, we summarize the reported results of

passivation by both i-a-Si and SiNx layers.

Figure 16 demonstrates the carrier lifetimes of i-a-Si/c-Si

and SiNx/c-Si samples as a function of FR(PH3) for Cat-

doping. The c-Si is n-type with electron density of 1013 to

1014 cm�3. Cat-doping was carried out at Ts¼ 150 �C,

Pg¼ 1 Pa and process time of 60 s for i-a-Si passivation

samples9 and at Ts¼ 80 �C, Pg¼ 1 Pa and process time of 60 s

for SiNx passivation samples.10,11 In Cat-doping for i-a-Si

passivation samples, H2 gas of FR(H2)¼ 20 sccm was added

to PH3. The i-a-Si films were deposited at Tcat¼ 1700 �C,

Pg¼ 0.64 Pa, FR(SiH4)¼ 20 sccm, Ts¼ 150 �C and SiNx

films at Tcat¼ 1800 �C, Pg¼ 10 Pa, FR(SiH4)¼ 8 sccm,

FR(NH3)¼ 150 sccm, Ts¼ 100 �C but after deposition the

FIG. 14. Sheet carrier density (arbitrary unit) as a function of Tcat to derive

activation energy.

FIG. 15. Sheet carrier density of samples P-Cat-doped through 1.5 nm-thick

SiOx, as a function of process times, taking thickness of SiOx as a

parameter.
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SiNx passivation samples were annealed at 350 �C for

30 min.

The carrier lifetime was measured by micro-wave

photo-conductivity decay (l-PCD) method using Kobelco,

LTA-1510P. In the method, 10 GHz micro-wave is used to

detect the photo-induced carriers in c-Si, and a laser with a

wavelength of 904 nm is used to generate photo-carriers in c-

Si. It is clear from the figure that the carrier lifetimes can be

easily improved by Cat-doping of P atoms prior to deposition

of i-a-Si or SiNx. Taking account of the thickness of c-Si

wafers, about 280–290 lm, the maximum surface recombi-

nation velocity is evaluated under the assumption that all

carriers are not recombined in bulk at all but only at the sur-

face. The values are about 3 cm/s for 100 nm-thick i-a-Si

passivation samples9 and 2 cm/s or less for 100 nm-thick

SiNx passivation samples.11

SiNx layers are widely used as anti-reflection coating

for c-Si solar cells. However, it is not so easy to obtain high

carrier lifetimes for the direct deposition of SiNx on c-Si

with the resistivity of several Xcm suitable to solar cells.

The maximum surface recombination velocity estimated to

be 2 cm/s or less is one of the best records for solar-cell-usa-

ble c-Si with the resistivity of 1–5 X cm for single SiNx

passivation.

The results demonstrate the positive effect of Cat-

doping. When P atoms with carrier concentration of

1018–1019 cm�3 are incorporated at near to c-Si surface of

original doping concentration of 1013–1014 cm�3, the band

near to c-Si surface is likely to bend down about 0.2 eV.

Holes are repulsed from c-Si surface by this band-bending,

and the surface recombination is suppressed. Cat-doping is a

new useful tool for controlling surface potential of

semiconductors.

V. DISCUSSIONS

A. Features of Cat-doping

It is known from above experiments that (1) P and B

atoms are incorporated into c-Si at the temperatures as low

as 80 �C, however, that 2) the doping depth is as shallow as

4–5 nm or less. Since the doping depth is almost equivalent

to a scale of depth resolution in SIMS analysis, the exact

estimation of doping depth appear ambiguous. It is also

known that the extension of doping depth appears slow even

if the process time is prolonged although P and B atoms can

be incorporated in the times as short as 60 s.

Figure 17 shows SIMS P profiles which were measured

from the front side of samples in this case. The samples are

the same ones whose carrier density is demonstrated in Fig.

15. The c-Si samples coated with 1.5 nm-thick SiOx were

used for measurements. Since the profiles were taken from

the front side, all profiles were expressed in exponential

shapes due to the knock-on effects as mentioned already.

The SIMS profiles were taken in high mass resolution system

with the probe ions of 5 keV. In the figure, P Cat-doping was

carried out at Ts¼ 350 �C, Pg¼ 1 Pa for various process

times. Although the correct information on the shape of pro-

files can not be obtained due to the knock-on effects, the total

number of incorporated doping atoms can be evaluated by

the integral of profile along depth.

Figure 18 shows the relationship between the total P

atoms evaluated by the integral of profiles in Fig. 17 and the

FIG. 16. Carrier life times for i-a-Si and SiNx coated c-Si samples which

are both P-Cat-doped prior to deposition of coating film, as a function of

FR(PH3).

FIG. 17. P concentration vs. depth by SIMS from the front side of samples,

after P Cat-doping through 1.5 nm-thick SiOx layer.

FIG. 18. Total sheet density of Cat-doped P atoms vs. process times.
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process times. In the figure, results of some other experi-

ments are demonstrated together. The evaluated values from

SIMS profiles, taken by high depth resolution system with

the probe ions of 1 keV, are plotted with open circles or open

squares. The results by high mass resolution system with the

probe ions of 5 keV are also plotted with closed circles or

closed squares. The results for both Ts¼ 350 �C and 80 �C
are demonstrated. It is known that the total number of P

atoms observed in high depth resolution system is always

larger than those in high mass resolution system since the

effect of 30SiþH fragments is included in high depth resolu-

tion data. It is also known that total number of incorporated

P atoms is likely to saturate as the process time increases. If

the phenomena simply follow thermal diffusion, the number

of incorporated atoms should be proportional to the root of

process times. When the process time is shorter than 25 min,

such relation appears to hold. If we estimate the diffusion

constant of Cat-doping in such a short process time, it would

be by several to 10 orders of magnitudes larger than that of

the conventional thermal diffusion. However, even if the

process time is prolonged over 25 min, it does not increase

any more and the phenomena are not likely to follow simple

diffusion theory. We have to consider some new mechanisms

for understanding Cat-doping phenomena.

B. Activation ratio of incorporated atoms

From the results shown in Figs. 15 and 18, and also,

from Figs. 10 and 18, the activation ratio of doped P atoms

can be estimated. Here, the activation ratio is defined as the

ratio of electrically activated impurities to the total number

of incorporated impurities. Since the sheet carrier density of

P Cat-doped c-Si without SiOx coating shown in Fig. 15 and

the sheet density of incorporated P atoms shown in Fig. 18

are about 2–3� 1012 cm�2 and 0.5–1� 1014 cm�2, respec-

tively, the activation ratio is simply evaluated to be about

2–6% for Cat-doping at Ts¼ 350 �C. Similarly, for Cat-

doping at Ts¼ 80 �C, it is evaluated to be 7–10%. We have

also observed SIMS profiles and measured the sheet carrier

density for some other samples not shown here. The fluctua-

tion appears quite large, the activation ratio distributes from

2% to 10% even for Cat-doping at the same Ts. Thus, at the

moment, we do not particularly conclude from the data for

the present range of temperatures that the activation ratio is

depending on Ts.

C. Mechanism of Cat-doping

As mentioned above, P and B atoms are incorporated

into c-Si at temperatures as low as 80 �C and with process

times as short as 60 s. When the process time is shorter than

25 min, the incorporation of atoms appears to follow the sim-

ple diffusion theory, but after that, it is likely to saturate.

This may suggest that there is an unknown special region at

near to c-Si surface. In the region, foreign atoms can be eas-

ily incorporated until their concentration exceeds 1020 cm�3,

judging from Fig. 18 and assuming the doping depth of

5 nm. We have obtained no direct evidence of the existence

of such special region. Therefore, at the moment, the exact

mechanism of Cat-doping can not be clearly revealed.

However, we have already discovered other phenomena sim-

ilar to the present Cat-doping.

We have reported on low temperature thermal oxidation

of c-S.12,13 When c-Si is exposed to species generated by cat-

alytic cracking reaction of H2 diluted oxygen (O2) gas with

heated W catalyzer, the surface of c-Si can be oxidized and

converted to SiO2 even at the temperatures as low as 200 �C.

The SiO2 appears to have sufficient electrical properties as a

gate insulator. At that time, we attempted to increase the oxi-

dized thickness, however, the thickness of SiO2 appeared to

be limited at about 4 nm.13

On the other hand, we have also discovered that nitrogen

(N) atoms are sometimes incorporated into c-Si during deposi-

tion of SiNx using NH3 and SiH4 gases, and that such a N

incorporated layer forms a defect layer in c-Si to degrade passi-

vation quality for SiNx/c-Si system.14 Observation by transmis-

sion electron microscope (TEM) demonstrates that the depth of

such defect layer is again at about a few nm to several nm.14

All these experiments including the present Cat-doping

demonstrates that foreign atoms can be incorporated into

c-Si at low temperatures when it is exposed to species gener-

ated by catalytic cracking reactions with heated W catalyzer.

Although the mechanism is not clearly explained, it is clear

that the phenomena concerned with low-temperature doping

surely exist.

D. Effect of hydrogen

Another thing we have to consider is the existence of H

atoms at the vicinity of incorporated P atoms. From all

experiments, incorporation of atoms into c-Si at low temper-

atures always requires the cracked species. In all experiments

concerned with P and B Cat-doping, low temperature oxida-

tion and N incorporation, high density H atoms are also gen-

erated during the experimental process. Figure 19 shows the

SIMS profiles of P atoms and H atoms for Cat-doping at

Ts¼ 80 �C, Fig. 19(a), and Ts¼ 350 �C, Fig. 19(b). c-Si sam-

ples were coated with i-a-Si layers. The profiles were taken

from the back side of the samples by high depth resolution

system with the probe ion energy of 1 keV. In this measure-

ment, since the isotope fragments of 30SiþH are included, P

profile itself is strongly affected by H profile.

However, the shape of P profiles is not always same to that

of H profiles, particularly in the region of coated a-Si layer.

This suggests that P profile itself is believable although the P

profile suffers from the isotope fragments and, thus, the abso-

lute value of density is not correct. The figure demonstrates that

P atoms distribute at the same region where H atoms distribute.

The H profiles are almost overlapped with P profiles. This sug-

gests that low temperature Cat-doping of P atoms might be

affected by the existence of H atoms.

According to our ab initio calculation for a model of

c-Si system consisting of 216 Si atoms and an additional sin-

gle P atom and a single H atom in them, the P atom has ener-

getically stable 4 possible configurations corresponding to

4 sites in c-Si lattice when the H atom exists just adjacent to

the P atom. And such a P atom can hop to another site of

0.1–0.2 nm far from the initial site with activation energy of

about 0.8 eV or less. When the P atoms move into c-Si by
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substitutional diffusion, the activation energy is about

3.0 eV. The ab initio calculation suggests that P atoms can

diffuse easily when H atoms exist in c-Si. This again sug-

gests that there may be a help of H atoms in low temperature

P diffusion or low temperature incorporation of foreign

atoms into c-Si. The result of ab initio calculation will be

reported in detail elsewhere.15

The unknown region existing at near to c-Si surface,

speculated above, may be also concerned with incorporation

of H atoms. That is, there may be a special region where H

atoms can be easily incorporated and other foreign atoms

can be incorporated by following such H atoms. However, at

the moment, everything is only under speculation. Further

efforts to reveal mechanism of Cat-doping are required,

although the phenomena are clearly revealed and the feasi-

bility of application are demonstrated in the present paper.

VI. CONCLUSIONS

As mentioned above, Cat-doping is studied in detail in

the present paper. There are some unknown matters includ-

ing the mechanism. However, so far, the following conclu-

sions are obtained.

(1) When c-Si is exposed to species generated by the cata-

lytic cracking reaction of PH3 or B2H6 gas with heated

W catalyzer, P or B atoms are doped in c-Si at the tem-

peratures as low as 80 �C. This novel doping method is

called “Cat-doping”.

(2) By Cat-doping of P atoms, p-type c-Si is converted to

n-type, and similarly by Cat-doping of B atoms, n-type

c-Si is converted to p-type, even at the substrate tempera-

tures as low as 80 �C.

(3) Cat-doped layer is formed at the depth as shallow as

5 nm or less.

(4) By using Cat-doping technology, the surface potential of

c-Si can be easily controlled, and through this control,

the surface recombination velocity of carriers in c-Si can

be enormously lowered for both i-a-Si and SiNx passiva-

tion on c-Si. Further device application is expected.
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