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ABSTRACT Carbon impurities are common defects in monocrystalline silicon and have negative effects
on the electrical performance of electronic devices. In the present work, the effects of carbon impuri-
ties in monocrystalline silicon on the electrical properties of PIN rectifier diodes with different carbon
concentrations were investigated by electrical performance tests, anisotropic preferential etching, Fourier-
transform infrared spectroscopy (FTIR), transmission electron microscopy (TEM), and energy-dispersive
spectroscopy (EDS). It was found that with the increasing carbon concentration, the reverse leakage
current (IR) increased rapidly, the time of reverse recovery (TRR) and the ratio of the average reverse
withstand voltage to the theoretical value decreased rapidly, and the forward voltage drop (Vf ) increased
significantly. Further, with the rising carbon concentration, bulk oxidation-induced defects (B-OSF) changed
from dislocation-dominated to stacking fault-dominated and the stacking fault length increased gradually.
[Ci-Oi] carbon centers of interstitial carbon and interstitial oxygenwith a wide absorption bandwere detected
by FTIR. The existence of stacking dislocation defects and carbon-oxygen complexes [Ci-Oi] was confirmed
by TEM and EDS. It was pointed out that substitutional carbon (Cs) captured interstitial silicon atoms,
changed into interstitial carbon (Ci) in the silicon substrate, and formed [Ci-Oi] complexes of interstitial
carbon and interstitial oxygen after high-temperature diffusion, and these complexes acted as heterogeneous
nucleation centers to promote the formation and growth of oxygen precipitation. Due to the volume strain
energy, interstitial silicon atoms and dislocations were continuously released to promote oxygen atoms
during the growth process of carbon-oxygen complexes. The formation and growth of B-OSF defects caused
the ‘‘impurity piercing pipe’’ effect. These defects acted as defect recombination centers and deteriorated
the electrical performance of the PIN rectifier diodes.

INDEX TERMS Carbon impurity, PIN rectifier diode, monocrystalline silicon, electrical properties, bulk
oxidation-induced defect (B-OSF).

I. INTRODUCTION
Power devices are characterized by their high voltage and
high current, and they are core power conversion devices of
power electronic systems. Silicon-based PIN power diodes
are widely used in household electronic appliances, indus-
trial electronic systems, automotive and power locomotive
electronic systems, smart grids, and ship and aerospace
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navigation systems [1], [2]. With the development of intel-
ligent, integrated, and miniaturized power conversion sys-
tems, the use of PIN power diodes has become indispensable.
Monocrystalline silicon, as the core material, has a profound
impact on the electrical properties of PIN power diodes.
Therefore, it is of great significance to study the effects of
common carbon impurities in monocrystalline silicon on the
electrical properties of PIN power diodes.

Carbon impurities are common defects in monocrystalline
silicon [3]–[6], and they mainly come from the thermal field
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of graphite [7] or organic contamination during monocrys-
talline growth [8]. Carbon impurities mainly exist in the form
of substitution sites in monocrystalline silicon [9], and they
can be calibrated by measuring their concentration at the
absorption peak of 607 cm−1 by Fourier-transform infrared
spectroscopy (FTIR) [10]. It is widely recognized that carbon
impurities have negative impacts on the electrical perfor-
mance of PIN rectifier diodes [11]–[15]. However, the effects
of carbon, oxygen, silicon interactions on the electrical per-
formance of PIN rectifier diodes still need to be explored.
The present work focused on the effects of different carbon
concentrations on the electrical properties of PIN rectifier
diodes. The morphological changes in the PIN diodes before
and after the diffusion of carbon impurities and the inter-
action with oxygen impurities were studied in detail. The
effects of carbon impurities on the electrical properties of the
PIN diodes were expounded from the microscopic level.

II. EXPERIMENTAL SECTION
A. SAMPLE
An N-type phosphorus-doped <111> monocrystalline sili-
con ingot of 100 mm diameter was cut into silicon wafers
with different carbon concentrations. In order to minimize
the effects of impurity metals and as-grown swirl defects,
the monocrystalline silicon ingot had a minority carrier life-
time of greater than 100µs, a low heavy metal concentration,
and no as-grown swirl defects (Table 1). Oxygen and carbon
concentrations in the samples were measured according to
the ASTM F 1188:1993 standard. The samples were cut
into 340 µm thick slices and 2 mm thick plates. The 2 mm
thick plates were polished with a mixed solution of HNO3
and HF, and the 340 µm thick slices were chamfered and
ground to 290± 5 µm thick surfaces after being heat-treated
at 650◦C.

TABLE 1. Wafer properties.

The production process of a PIN rectifier diode is illus-
trated in Fig. 1. Each group of silicon wafers was ground on
both sides, and four pieces from each group were put on the
PIN rectifier diode. The size of the PIN rectifier diode on
the silicon wafer was 1.143 × 1.143 mm2. In order to ana-
lyze the effects of impurity oxygen on the high-temperature
performance of the diode, the diffusion processes of
the 2 mm thick samples during phosphorus pre-sintering

FIGURE 1. Flowchart of the PIN rectifier diode production process.

(600◦C, 2 h) and also during boron and phosphorus diffusion
(1260◦C, 23 h) were studied.

B. TEST EQUIPMENT
The thickness and resistivity of the resultant silicon wafers
were measured by a JXNRT-1 non-contact thickness tester
and a SDY-4 four-probe tester, respectively. The initial oxy-
gen and carbon contents in monocrystalline silicon were
measured by a Perkin Elmer PE-C99158 FTIR. The minority
carrier lifetime of monocrystalline silicon was measured by
a LT-100C digital minority carrier lifetime tester. A silicon
PT-301 point tester and a SD-DS-600S tester were
used to evaluate the electrical properties of the wafers
(VB [0–1800 V], VF [I = 1 A], and IR [V = −1100 V,
0–5µA]). A JEM-2100F transmission electron micro-
scope (TEM) was employed to observe oxygen precipitations
and induced defects, and the detected precipitates were fur-
ther analyzed by an energy-dispersive spectrometer (EDS).
All of the above tests were executed at 23◦C.

III. ANALYSIS AND DISCUSSION
A. EFFECTS OF CARBON CONCENTRATIONS ON THE
REVERSE LEAKAGE CURRENT OF THE PIN RECTFIER
DIODES
The influences of different carbon concentrations on the
reverse leakage current of the PIN rectifier diodes were
examined at Vb = 1100 V and IR<5 µA, and the rela-
tionship between the average reverse leakage current and
the carbon concentration was obtained (Fig. 2). When the

FIGURE 2. Relationship between reverse leakage current and carbon
concentration.
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carbon concentration was less than or equal to 4.85 ×
1016 at/cm3, the reverse leakage current did not change sig-
nificantly. When the carbon concentration was greater than
6.10 × 1016 at/cm3, the reverse leakage current increased
rapidly with the increasing carbon concentration. When the
carbon concentration was greater than or equal to 26.00 ×
1016at/cm3, the upper limit of the reverse leakage current
was 5 µA.

TRR refers to the time from on to off after the diode is
cut off. Generally speaking, the TRR of PIN rectifier diode
should be as large as possible, and the TRR of fast recov-
ery diode should be decreased through heavy metal diffu-
sion. The relationship between the TRR of the PIN rectifier
diodes and the carbon concentration is presented in Fig. 3.
It is noticeable that the average TRR of the die continu-
ously decreased with the increasing carbon concentration.
When the carbon concentration was greater than or equal to
26.00 × 1016at/cm3, the time of reverse recovery was less
than 200 ns. This indicates that the recombination center at
the P-N junction increased rapidly with the increasing carbon
impurity concentration, resulting in a significant decrease of
TRR. Therefore, carbon impurities in monocrystalline silicon
promoted the formation of composite centers during high-
temperature diffusion and reduced the TRR of the PIN rec-
tifier diodes. The higher the carbon concentration, the lower
the TRR of the diodes.

FIGURE 3. Relationship between TRR and carbon concentration.

The reverse withstand voltage of a silicon-based PIN rec-
tifier diode is related to the doping concentration of the
intrinsic region.

VBR(Si) ≈ 5.3× 1013N
−

3
4

B , (1)

where VBR is the reverse withstand voltage and NB is the
doping concentration in the intrinsic region. According to
Equation 1 [16]–[18], the theoretical values of the average
reverse withstand voltage of the PIN rectifier diodes were
calculated based on the average resistivity of the silicon
wafers. The relationship between the ratio of the actual
reverse withstand voltage to the theoretical reverse withstand
voltage and the carbon impurity concentration is exhibited

in Fig. 4. It is clear that the ratio decreased from 1.1 to
0.6 with the increasing carbon impurity concentration and
the reverse withstand voltage was lower than the theoretical
value. Therefore, this indicates that the presence of carbon
impurities reduced the reverse withstand voltage of the PIN
rectifier diodes. On the contrary, it is evident from Fig. 5 that
the forward voltage drop (Vf ) increased with the increasing
carbon impurity concentration, especially when the carbon
concentration was greater than 6.10 × 1016 at/cm3, the scat-
tering center at the P-N junction, conductive voltage, and
power consumption of the diodes increased with the increas-
ing carbon impurity concentration; thus, the die was easy to
heat up. This observation is consistent with the finding of
Akiyama et al. [19] — carbon impurities lead to the ‘‘soft’’
electrical characteristics of reverse-biased P-N junctions.

FIGURE 4. Relationship between the ratio of the average reverse
withstand voltage to the theoretical value and carbon concentration.

FIGURE 5. Relationship between forward voltage drop and carbon
concentration.

B. EFFECTS OF CARBON IMPURITIES ON THE ELECTRICAL
PROPERTIES OF THE PIN DIODES
In order to further analyze the effects of initial oxygen
concentrations on the leakage current of the PIN recti-
fier diodes, glass passivation was carried out to remove
grids from the intrinsic region, and subsequently, induced
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defects after anisotropic preferential etching were observed.
As non-defect samples were selected before the experiment,
secondary induced defects were observed in them. It is notice-
able from Fig. 6 that the number of defects increased con-
tinuously with the increasing carbon impurity concentration;
thus, dislocation etch pits gradually changed into stacking
fault corrosion pits and the length of stacking fault corrosion
pits increased with the increasing carbon concentration. The
detected stacking faults had regular angles of 60◦, 120◦, and
180◦ along the <110> orientation, revealing the anisotropy
characteristics of <111> monocrystalline silicon. Carbon
impurities promoted the formation of bulk oxidation-induced
stacking faults (B-OSF), and the density and size of these
B-OSF defects increased with the increasing carbon con-
centration. It is evident from Fig. 7 that when the carbon

FIGURE 6. Etch pit photos of the samples with the carbon concentrations
of (a) 30.05 × 1016 at/cm3, (b) 6.10 × 1016 at/cm3, and (c) 0 at/cm3

under 100× optical microscopic resolution.

FIGURE 7. Etch pit photos of induced stacking fault defects in the
samples with the carbon concentrations of (a) 6.10 × 1016 at/cm3 at/cm3

and (b) 30.05 × 1016 at/cm3 under 400× optical microscopic resolution.

concentration was less than 6.10 × 1016 at/cm3, B-OSF
defects mainly existed in the form of dislocations. When the
carbon concentration was greater than or equal to 6.10 ×
1016 at/cm3, they mainly existed in the form of rod-shaped
stacking faults, and the length of these rod-shaped stack-
ing faults also increased with the increasing carbon con-
centration. Due to the existence of these induced defects,
the electrical properties of the PIN rectifier diodes were
greatly affected. The ‘‘impurity piercing pipe’’ effect of these
induced defects increased the reverse leakage current of the
P-N junction, reduced the reverse withstand voltage, formed
scattering centers and effective composite centers, reduced
the time of reverse recovery, and increased the forward con-
duction voltage drop.

C. EFFECTS OF CARBON IMPURITIES ON BULK
OXIDATION-INDUCED DEFECTS
Carbon impurities mainly exist in the form of substitution
sites (Cs) in monocrystalline silicon, which can interact with
different impurities in silicon substrate [20]. There was direct
evidence that there were close carbon oxygen pair complexes
in the growing silicon [21], and more complex compounds
were produced in heat-treated materials [22]. In order to
further study the effect mechanism of carbon impurities on
the electrical characteristics of PIN rectifier diodes, Fourier
transform infrared spectroscopy (FTIR) was carried out
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on 2 mm sample before and after high-temperature diffu-
sion to study the state change of carbon, oxygen and silicon
ternary system. Compared with the sample before and after
diffusion by the Fourier transform infrared (FTIR) spectra
of samples with interstitial carbon concentrations of 26.00 ×
1016 at/cm3. It is evident from Fig. 8 that the absorption peak
607 cm−1 corresponding to the interstitial carbon decreased
after high-temperature diffusion, which indicated that the
substitution site carbon Cs in the original silicon was reduced
and the morphology had been changed. The results showed
that the interstitial oxygen (Oi) of silicon had been changed
and appeared a wide absorption band at 850 cm−1, which
was similar to the complex [Ci-Oi] of interstitial carbon and
interstitial oxygen observed by Shimura [23] and K. Shinoda
and Ohta [24]. It was also known as carbon center with wide
absorption peaks, which indicated that the substitution car-
bon Cs in silicon transformed into interstitial carbon Ci, and
formed a complex carbon center with interstitial oxygen Oi
after high-temperature diffusion. By calculating the decrease
number of interstitial carbon and interstitial oxygen atom,
the ratio of carbon atom to oxygen atom was 2.4, which
was equivalent to one carbon atom and 2.4 oxygen atom to
constitute carbon-oxygen recombination. This was consistent
with previous studies [25], [26]. Similarly, the 850 cm−1

wide absorption band corresponding to the relevant carbon
center was not observed before and after diffusion for sample
without carbon impurities [27]. In addition, it is noticeable
from Fig. 9 that the decrease of the substitution site carbon

FIGURE 8. Comparison of FTIR spectra before and after diffusion.

FIGURE 9. Relationship between carbon precipitation and initial carbon
concentration after diffusion.

concentration increased with the increasing the initial carbon
concentration, which indicated that the higher the initial car-
bon concentration, the more carbon impurity involved in and
the more carbon centers generated, the easier they was to pro-
mote the nucleation and growth of the carbon oxygen com-
plex, and promote the production of bulk oxidation-induced
defects B-OSF. This was consistent with the previous obser-
vation that the density and length of bulk oxidation-induced
stacking faults (B-OSF) with the change trend of the initial
carbon concentration.

D. EFFECTS OF CARBON IMPURITIES ON INDUCED
DEFECTS AND COMPLEXES
The current analysis was carried out on the sample with
the initial carbon content of 26.00 × 1016 at/cm3 and the
carbon-free sample by TEM. It is evident from Figs. 10–11
that a large number of dislocations, stacking faults, and pre-
cipitates (size of about 100 nm) existed in the high-carbon
sample. The EDS analysis revealed in Fig. 12 that carbon,
oxygen, and silicon existed in the precipitates at a ratio of
31.40:36.41:32.19. Therefore, the broad absorption band of
the typical C-O-Si complex was consistent with that of the
C-O complex observed at the 850 cm−1 FTIR peak. Although
some differences were present between the two testing meth-
ods, the difference in the ratio of carbon and oxygen atoms
mainly occurred due to the formation of carbon-oxygen
complexes and oxygen precipitates by interstitial oxygen.
A small amount of oxygen precipitates with a size of about
20 nm existed in the carbon-free sample, and EDS testing
confirmed in Fig. 13 that these precipitates were composed
of SiO2, which was consistent with the situation observed
by Xu [28], and was obviously different from the oxygen
concentration in the silicon substrate. However, no obvious
dislocation stacking faults were detected in the carbon-free
sample, indicating that carbon impurities played an important
role in the formation of induced defects.

When substitutional carbon atoms (Cs) in the silicon
substrate captured self-interstitial silicon atoms during
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FIGURE 10. EM morphology of oxidation-induced dislocations and
stacking faults in the sample with the carbon content
of 26.00 × 1016 at/cm3.

FIGURE 11. TEM morphology of carbon-oxygen complex precipitates.

high-temperature diffusion (1260◦C, 23 h), they changed
into interstitial carbon (Ci) and formed a [Ci-Oi] complex
carbon center of interstitial oxygen and interstitial carbon.
This carbon center became the heterogeneous nucleation cen-
ter of oxygen precipitation in the process of silicon sub-
strate annealing and captured interstitial oxygen, interstitial
carbon, silicon atoms, other impurities to promote oxygen
precipitation. The existence of the carbon center effectively
reduced the volume strain energy of the interface between
oxygen precipitation and the silicon substrate, promoted the
growth of oxygen precipitation, continuously diffused inter-
stitial silicon atoms and dislocations, and released the vol-
ume strain energy to facilitate the formation and growth of
B-OSF defects. It is noticeable from Fig. 9 that the substi-
tution site carbon concentration decreased significantly with
the increasing initial carbon concentration. B-OSF defects
mainly existed in the form of dislocations and stacking faults,
and the length and density of stacking faults increased with
the increasing carbon concentration, and this observation is

FIGURE 12. EDS energy spectrum of C-O complexes in the sample with
the carbon content of 26.00 × 1016 at/cm3.

FIGURE 13. EDS energy spectrum of the silicon matrix of the carbon-free
sample.

almost consistent with the etch pit characteristics of induced
defects presented in Fig. 6. The size of induced stacking fault
defects increased with the rising carbon concentration. These
B-OSF defects caused the ‘‘impurity piercing pipe’’ effect to
form composite carbon centers, resulting in an increase of the
reverse leakage current, a decrease of the reverse withstand
voltage, a decrease of the reverse recovery time, an increase
of the forward conduction voltage, and poor electrical
performance.

IV. CONCLUSION
In the present study, PIN rectifier diodes were fabricated from
silicon wafers with different carbon concentrations and their
electrical properties were tested. It was found that carbon
impurities in monocrystalline silicon had an obvious effect
on the electrical properties of the PIN rectifier diodes. With
the gradually increasing carbon concentration, especially
when the carbon concentration was greater than or equal to
6.10 × 1016 at/cm3, the reverse leakage current increased
rapidly, the time of reverse recovery and the ratio of the
reverse withstand voltage to the theoretical value decreased
rapidly, and the forward voltage drop increased significantly,
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degrading the electrical performance of the diodes. Further,
with the rising carbon concentration, bulk oxidation-induced
defects (B-OSF) changed from dislocation-dominated to
stacking fault-dominated and the stacking fault length
increased gradually. It was believed that these induced defects
caused an increase of the reverse leakage current, a decrease
of the time of reverse recovery, a decrease of the ratio of the
average value of reverse withstand voltage and the theoretical
value, and an increase of the forward voltage drop. In order
to further analyze the formation mechanism of these disloca-
tions and stacking faults and also the role of carbon impurities
in monocrystalline silicon, FTIR was employed to evalu-
ate the samples before and after high-temperature diffusion.
It was observed that substitutional carbon sites decreased or
even disappeared at the absorption peak of 607 cm−1 after
high-temperature diffusion, and consequently, the absorption
peaks at 515 cm−1 and 1107 cm−1 corresponding to intersti-
tial oxygen atoms decreased significantly. A [Ci-Oi] carbon
center of interstitial carbon and interstitial oxygen with a
wide absorption band was formed at the absorption peak
of 850 cm−1. No carbon center at 850 cm−1 was observed
in the sample without carbon impurities before and after
high-temperature diffusion. TEM and EDS results revealed
the existence of a large amount of stacking faults, dislocation
defects, and carbon-oxygen-silicon complex in the sample
with the carbon content of 26 × 1016at/cm3. The presence
of carbon impurities formed carbon-oxygen complexes and
promoted the formation and growth of oxygen precipitation
and B-OSF defects.When substitutional carbon (Cs) captured
self-interstitial silicon atoms existing in the silicon substrate
at high temperatures, substitutional carbon was transformed
into interstitial carbon (Ci) and formed [Ci-Oi] carbon cen-
ters in the silicon substrate. These carbon centers acted as
heterogeneous nucleation centers of oxygen precipitation in
the silicon substrate annealing process, captured interstitial
oxygen (Oi), interstitial carbon (Ci), and other impurities,
and also promoted the formation of oxygen precipitation. The
existence of carbon centers effectively reduced the volume
strain energy of the interface between oxygen precipitation
and the silicon substrate, promoted the growth of oxygen
precipitation, and continuously diffused interstitial silicon
atoms and dislocations to release the volume strain energy for
the formation and growth of B-OSF defects. The existence of
B-OSF defects changed the electrical properties of the PIN
rectifier diodes.
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