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Thermal annealing induced photocarrier radiometry
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An experimental study on the photocarrier radiometry signals of As+ ion implanted silicon wafers before and after

rapid thermal annealing is performed. The dependences of photocarrier radiometry amplitude on ion implantation dose

(1×1011–1×1016/cm2), implantation energy (20–140 keV) and subsequent isochronical annealing temperature (500–

1100 ◦C are investigated. The results show that photocarrier radiometry signals are greatly enhanced for implanted

samples annealed at high temperature, especially for those with a high implantation dose. The reduced surface recom-

bination rate resulting from a high built-in electric field generated by annealing-activated impurities in the pn junction

is believed to be responsible for the photocarrier radiometry signal enhancement. Photocarrier radiometry is contactless

and can therefore be used as an effective in-line tool for the thermal annealing process monitoring of the ion-implanted

wafers in semiconductor industries.
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1. Introduction

Ion implantation is routinely used in semicon-

ductor device manufacturing to modify the elec-

trical properties of near surface regions of silicon

wafers. In order to reduce the implantation-induced

crystalline structural damage and activate the im-

planted ions, a subsequent thermal annealing process

is indispensable.[1,2] As the scaling requirements for

integrated circuit (IC) have become increasingly more

and more stringent and difficult to achieve, the moni-

toring of the ion implantation and the annealing pro-

cess is essential for fabricating the semiconductor de-

vices.

As a dynamically modulated room-temperature

photoluminescence technique, photocarrier radiome-

try (PCR) was introduced first by Mandelis and found

to be a sensitive method of characterizing semicon-

ductors and monitoring implantation dose.[3,4] In ear-

lier papers, however, nearly all the PCR experiments

were performed on the single-crystalline samples or

ion-implanted samples without the thermal annealing

process.[5−8] Further studies are necessary to know

whether the PCR technique can be used to charac-

terize the thermal annealed samples, or to evaluate

the thermal annealing processes.

In the present study, the samples subjected to dif-

ferent ion implantation processes and different ther-

mal annealing processes are investigated by photocar-

rier radiometry. Experimental results are presented

and the effects of thermal annealing processes on the

PCR signals are analysed in detail.

2. Experimental details

All substrates used in this work were pre-

pared from the same batch of ⟨111⟩ oriented p-type

Czochralski crystalline silicon wafers, (525±20 µm,

8–13 Ω · cm), with the front surface chemically-

mechanically polished. Six groups of samples under

different processing conditions were prepared. G1–

G5 were implanted onto the polished surface with

As+ ions, and G6 was a group of substrates with-

out implantation. As shown in Table 1, G1 and G2

were implanted with implantation doses from 1×1011

to 1×1016/cm2 at the same implantation energy of

100 keV. G3 and G4 were implanted with implan-

tation energies from 20 to 140 keV at an implanta-
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tion dose of 1×1015/cm2. All samples of G5 were im-

planted with 1×1015/cm2 at 100 keV. After implanta-

tion, G1 and G3 were then annealed in a rapid ther-

mal annealing (RTA) system for 30s at 1100◦ in an

inert nitrogen atmosphere, and G2 and G4 were not

annealed. G5 and G6 were annealed isochronically at

various temperatures ranging from 500 to 1100◦ for

30s.

Table 1. List of sample groups under different implantation and annealing conditions.

group implantation dose/(As+/cm2) implantation energy/keV annealing temperature/◦C

G1 1×1011–1×1016 100 1100

G2 1×1011–1×1016 100 - -

G3 1×1015 20–140 1100

G4 1×1015 20–140 - -

G5 1×1015 100 500–1100

G6 - - - - 500–1100

The PCR experimental setup has been described

in detail elsewhere.[7,8] Briefly, a 105 mW-power and

660 nm-wavelength semiconductor laser modulated by

a function generator was used as an excitation source.

A 10 nm-bandwidth bandpass filter centred at 660 nm

was employed to block all unwanted radiation from the

excitation source. The laser beam was focused onto

the sample surface and the radius of the beam at the

surface was measured to be approximately 20 µm. The

infrared emissions from the samples, that is, the PCR

signals, were collected and focused through a pair of

off-axis paraboloidal mirrors onto an InGaAs detector

(ThorLabs model PDA10CS, with a spectral response

range from 700 to 1800 nm, and frequency bandwidth

from dc to 17 MHz). An optical long-pass filter (with

transmission T < 0.1% at 660 nm, T > 73.5% in

1000–1800 nm) was placed in front of the detector to

block any leakage of the excitation source. The over-

all noise level of the setup was below 0.1 µV. For each

silicon wafer, the frequency scan was performed at a

total of 30 frequency points from 100 Hz to 600 kHz.

The PCR signals from the detector were demodulated

by a lock-in amplifier (Model 7280, Signal Recovery),

with the amplitudes and phases recorded each as a

function of modulation frequency. The experimental

apparatus and the data acquisition were controlled by

a computer with a Labview program.

3. Results and discussion

The ion implantation induces structural damage

on the sample surface, which changes the optical re-

flectance. In order to compare the generated PCR

signals under the same photon fluxes into the sample,

the values of reflectance R of all samples at 660 nm

were measured with a high-precision spectrophotome-

ter (Lambda 900, Perkin Elmer). Then the PCR am-

plitudes were normalized by using the ratio of mea-

sured experimental data to value (1-R). Figure 1 shows

the reflectances for samples with different (a) implan-

tation doses, (b) implantation energies and (c) an-

nealing temperatures. Here, the first data points in

Fig. 1(c) are for the non-annealed (NA) samples.

Fig. 1. Reflectances for samples with different (a) implantation doses, (b) implantation energies and (c) annealing

temperatures. The first data points in (c) are for the non-annealed samples.
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For samples without thermal annealing, the re-

flectances are related to implantation dose and energy.

As the different implantation conditions induce vari-

ous degrees of defects and damages, the optical prop-

erties of the implanted layer on the surface are com-

plicated functions of implantation dose and energy,

which are not analysed in this paper. The reflectances

for annealed samples are lower than those without an-

nealing. All the reflectances are approximately 33.6%

for samples with annealing temperature above 600 ◦C,

which is approximately equal to that of the sample

without implantation. After thermal annealing, due

to the recovery of the damaged structure during the

high temperature annealing, the optical properties of

the implanted layers in visible and near infrared ranges

are close to those of the crystalline silicon as proven

by spectroscopic ellipsometry (SE) data.[9]

Figure 2 shows the variations of PCR amplitudes

for implanted samples with the increase of implan-

tation dose, with and without the annealing process.

The first data points are for the non-implanted (NI)

samples. Since the PCR signal is more sensitive to

the surface region at higher modulation frequency,

only the signals in the kHz range are shown. The

ion implantation into the crystalline silicon changed

electrical and optical properties on the surface and

the sub-surface region of the sample.[10] Shaughnessy

et al. have shown that the PCR amplitude for a sam-

ple without annealing has a monotonic decrease over a

large implantation dose range due to the implantation-

induced damage,[4] which can also be found in our

experiments. However, the tendency is totally oppo-

site for annealed samples, which is shown in Fig. 2.

For samples with high implantation doses, the high-

temperature annealing process results in a strong in-

crease of the PCR amplitude. Comparing the results

obtained at 10 kHz, 100 kHz and 500 kHz, for an-

nealed samples the sensitivities of PCR amplitudes to

the implantation doses are approximately the same at

different modulation frequencies. While for samples

without annealing, the signals are more sensitive at

higher modulation frequencies than at lower frequen-

cies. However, the signals are faint at high modula-

tion frequencies especially for samples with high im-

plantation doses. Therefore, a moderate modulation

frequency such as 100 kHz is more suitable for ion

implantation dose monitoring for these non-annealed

samples.

Fig. 2. PCR amplitudes versus ion implantation dose for

samples G1 and G2, with and without annealing process.

Amplitudes for non-implanted samples are presented as

the first data points for comparison.

Figure 3 shows the variations of PCR amplitudes

at different modulation frequencies for samples with

implantation energy increasing, with and without the

annealing process. The PCR amplitudes for both sam-

ples G3 and G4 each are a monotonic decreasing func-

tion of implantation energy. The amplitudes for an-

nealed samples are much larger than those for corre-

sponding non-annealed samples. Figure 4 shows the

curves for PCR amplitude versus annealing temper-

ature for samples G5 and G6, with and without im-

plantation. Amplitudes for non-annealed samples are

presented as the first data points for comparison. As

shown in Fig. 4, the PCR signal enhancement factor

largely depends on annealing temperature. The PCR

amplitude for G5 increases monotonically with anneal-

ing temperature, and finally reaches a saturation level

when the temperature exceeds 1000 ◦C. Meanwhile,

for substrates G6 without implantation, the PCR am-

plitudes are approximately the same when the anneal-

ing temperature exceeds 600 ◦C.

Fig. 3. PCR amplitudes versus ion implantation energy

for samples G3 and G4, with and without thermal anneal-

ing process.
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Fig. 4. PCR amplitude versus annealing temperature for

samples G5 and G6, with and without implantation. Am-

plitudes for non-annealed samples are presented as the first

data points for comparison.

PCR is a room-temperature photoluminescence

technique. There have been several reports on the

room-temperature luminescence of the ion implanted

silicon wafers in the past few years.[11−18] Ng et al.[11]

suggested that the ion implantation and the sub-

sequent annealing process would induce dislocation

loops in the samples, which might enhance the lumi-

nescence intensity. While Stowe et al.[13] found that

the luminescence was independent of implanted layer,

because the luminescence enhancement still existed

even when the dislocations were removed by chemi-

cal etching. They proposed that gettering the effects

of the dislocations due to ion implantation might be

the reason for the luminescence enhancement. Basi-

cally, these models explained the room-temperature

luminescence enhancement of silicon from the view-

point of the microstructure of the annealed samples.

Here, we propose an explanation for the photolumines-

cence enhancement or PCR signal enhancement based

on the carrier transport model and a built-in electric

field formed by both ion implantation and thermal

annealing processes. From the PCR theory, the PCR

amplitude is proportional to the photo-generated car-

rier density inside the sample, which is a function of

electronic transport parameters, such as carrier life-

time, diffusion coefficient, and front surface recombi-

nation rate. When the samples are implanted with

ions but not annealed, the damage to the lattice struc-

ture reduces the lifetime and the diffusion coefficient of

carriers, and increases the surface recombination rate,

resulting in the decrease of carrier concentration and

therefore PCR amplitude.[4] A greater damage is in-

troduced by higher implantation dose or energy, which

causes the monotonic decreasing of the PCR ampli-

tude with implantation dose and energy increasing as

presented in Figs. 2 and 3 for non-annealed samples.

After the implanted samples are annealed at high

temperatures, on the other hand, the structural dam-

ages induced by ion implantation are recovered and

the implanted ions are activated to be effective elec-

tronic impurities. For the implanted samples sub-

jected to high temperature annealing process, their

optical properties in the visible and the near infrared

ranges are recovered to be close to those of crystalline

silicon[19] as already confirmed by the reflectance and

SE measurements.[9,20] Meanwhile, for structurally in-

tact substrates without implantation, the rapid tem-

perature rising and falling in the thermal annealing

process may induce thermal gradients in the wafer

and give rise to thermoplastic stress. Defects such

as dislocations and slip can come into being inside the

substrates,[21] therefore decrease somewhat the PCR

amplitudes. When the annealing temperature keeps

increasing, higher temperature will induce more de-

fects. However, the induced defects will be recovered

at high temperature. The influence of high annealing

temperature determines the concentration of the de-

fects from two opposite sides, keeping approximately

the defect concentration in balance when the temper-

ature is higher than a critical value. The critical tem-

perature is between 500 and 600 ◦C as shown in Fig. 4

for non-implanted samples. When the annealing tem-

perature exceeds 600 ◦C, the effects of thermal anneal-

ing on PCR signals of substrates are approximately

the same. Thus, the PCR signal enhancement with

the increase of temperature for sample G5 is caused

by the effects of both ion implantation and subsequent

thermal annealing.

To evaluate the contribution of the implanted

layer to the PCR signal, we calculate the average

depth (vertical projected range) of implanted ions by

TRIM software.[22] With the highest implantation en-

ergy of 140 keV, the depth of the implanted layer is

93.6 nm. After thermal annealing, the implanted layer

attenuates only 2.8% of the pump laser power (ab-

sorption coefficient at 660 nm is 3.05×105 m−1 for

crystalline silicon.[23]) Therefore, the PCR signals of

implanted samples are mainly attributed to the photo-

generated carriers within the substrate layer. As the

lifetime and the diffusion coefficient of the carrier in

the implanted layer have little influence on the PCR

signal, the surface recombination rate is a main factor

to determine the PCR amplitudes for annealed sam-

ples.

For implanted and annealed samples, the acti-
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vated ion-implanted layer (with As+, n-type) and the

substrate layer (with B+, p-type) form a pn junc-

tion at the interface between the two layers. An elec-

tric field is created in the space charge region due to

the separation of positive charges from negative space

charges.[24,25] The electric field is determined by the

product of carrier (hole and electron) concentrations

in both p and n regions. Higher carrier concentration

results in a stronger electric field. In our experiments,

the hole concentrations in p regions are the same for

all implanted wafers. In n regions, on the other hand,

the electron concentrations are equal to the concen-

trations of effective impurities which are the activated

implanted ions. The electric field produces a force

acting on the holes and electrons to block them from

diffusing into the other side. Therefore, few carriers

in the bulk region of the substrate can go through

the electric field and the implanted layer. Most of

the carriers may not recombine at the front surface

of the sample but at the interface between the im-

planted layer and the substrate, that is, the surface

of the substrate layer. The probability of surface re-

combination is therefore substantially reduced due to

the existence of the internal electric field.[26] As a spe-

cial case of Shockley–Read-Hall (SRH) recombination,

surface recombination is an important mechanism of

non-radiative recombination.[27] If the surface recom-

bination is suppressed, more electron–hole pairs will

recombine directly by radiative band-to-band or band-

to-impurity recombination. The concentrations of the

free carriers for radiative recombination are signifi-

cantly enhanced. As a result, the PCR amplitudes

or the luminescence intensities are greatly enhanced

as well.

When the samples are implanted with the same

energies, the thicknesses of the implanted layers are

approximately the same for different implantation

doses. More implanted ions can be activated under the

same annealing conditions for samples with higher im-

plantation doses, resulting in stronger built-in electric

fields, and therefore more enhanced PCR signals. This

explains well the dependence of the PCR amplitude on

dose as shown in Fig. 2. When samples are implanted

with the same implantation doses, shallower junctions

are formed with a lower implantation energy, result-

ing in a higher impurity concentration and a stronger

electric field. Therefore, the PCR amplitude decreases

with the increase of implantation energy as shown in

Fig. 3. Annealing temperature is another factor to de-

termine the concentration of the effective impurities.

More implanted impurities can be activated at high

temperatures, resulting in larger PCR amplitudes as

shown in Fig. 4. The amplitude begins to saturate at

an annealing temperature of 1000 ◦C, which represents

the critical temperature, above which the implanted

impurities are totally activated.

It is worth mentioning that the electric field is not

only formed in a pn junction. When the substrate of

p-type (or n-type) is doped with impurities of the same

type of electric properties, a pp+ (or nn+) junction is

formed.[26] There are also electric fields in these junc-

tions, which affect the surface recombination rate and

the PCR signals as well. So the room-temperature lu-

minescence of sample with or without pn-junction in

Ref. [12] can be well explained by the reduction of sur-

face recombination rate due to built-in electric fields.

On the other hand, for samples with Si+ ions implan-

tation, no luminescence enhancement can be found,

as Si+ ions are not effective electric impurities and no

electric field is formed.[12]

4. Conclusion

The presented experimental results show that for

ion-implanted and thermally annealed silicon wafers,

the PCR signal is sensitive not only to the implan-

tation induced damage, but also to the annealing ac-

tivated impurity concentration. The PCR technique

is demonstrated to be a useful tool for both ion im-

plantation and thermal annealing monitoring. Fur-

thermore, the analytical model for PCR enhancement

may be helpful for designing and fabricating silicon-

based room-temperature light-emitting devices.
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