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Abstract. This paper reports two original methods aimed for the surface recombina-
tion studies of bipolar junction transistors made on silicon carbide subject to a significant
surface recombination around the emitter-base junction. The first novel method targets the
measurement of very short minority carrier lifetime in semiconductor junctions by combining
the current switch lifetime measurement approach with electro-optical excitation. The second
method is elaborated to evaluate individually the surface recombination velocity for each tran-
sistor using the combined electro-optical measurement of very short lifetime in base-emitter
junctions. Previous to its use for silicon carbide BJTs, the first presented method was tested
and calibrated on silicon bipolar transistors using combined electro-optical measurements.
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1. Introduction
During the past decade, the manufacturing of high quality silicon carbide (SiC) substrates

realized important progresses enabling the presence on the market of wide variety of SiC power-
devices that step by step are substituting the silicon power-devices in the new projects.

Even if present on the market, the SiC bipolar junction transistors (BJT) are still not in mass
production. The old issues linked to the stacking faults in bipolar power devices are already
solved, but major problems created by the surface recombination are not yet entirely overcome.

Generally speaking, the BJTs are important devices both for power applications and small
signal or integrated circuits. They also exist in insulated-gate bipolar transistors (IGBT), semi-
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conductor controlled rectifiers (SCR), or TRIACs, i.e. devices that are also able to be transferred
to the silicon carbide semiconductor technology.

This paper addresses two original methods for measuring the effective minority-carrier life-
time of the emitter-base junction in silicon carbide BJTs and the evaluation of surface recombi-
nation by an accessible approach which is compatible with automatic wafer mapping as well. It
continues our previous research presented in [1].

Our paper is split into two parts. The first part of this work is reserved to the method’s
presentation and prior calibration performed on silicon BJTs. The actual commercial Si-BJTs
demonstrate a low surface recombination velocity; thus electrical evaluations of minority-carrier
lifetime of the both base-collector and base-emitter junctions are available. The second part
provides measurement results performed on SiC-BJTs.

2. Method presentation

2.1. Minority-carrier lifetime measurement by current switch
The electrical measurement approach of minority-carrier lifetime is well established since

long time. It is presented in detail by various publications [2], [3] and [4]. Between the storage
time ts of the minority carriers (electrons in our case) and the minority carrier lifetime τn into
the p type base of p-n junction there is a correspondence described by the relationship from
equation (1):

erf

√
ts
τn

=
1

1 + IR
IF

(1)

Fig. 1 shows the current waveform of the switched p-n junction used for the minority carrier
lifetime measurement.

Fig. 1. Switching current response of p-n junction.

The storage time tS is defined at the point when the voltage across the diode drops to zero.
IF is the conduction current through the diode prior to switching, IR is the reverse recovery flow
current during the storage phase between t=0 and t=tS , (see Fig. 1). After t=tS phase, the current
flow drops exponentially to zero, in fact to the leakage current of the junction. The time t=tRR

defined at the reverse current point i(tRR)=0.1IR is called reverse recovery time and is a data
sheet parameter specified for the fast rectifiers.
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Fig. 2a illustrates the simplified schematic of the test circuit used for electrical measurement
of the minority carrier lifetime in semiconductor junctions. Before t=0 the diode is forward
biased through V+ and R1 and the current flow is IF (Fig. 1). After t=0+ the diode is reverse
biased through V- and R2. The current flow is negative as shown in Fig. 1. Experimental voltage
waveforms using the schematic from Fig. 2a are shown in Fig 2b. In order to obtain an accurate
measurement of tS time, the voltages of nodes A and K from Fig. 2a are plotted together and
the time tS is measured at the intersection of V(A) and V(K) curves, i.e. when the voltage drop
across the diode becomes zero. Information about the current flow through the diode, is obtained
dividing the voltage characteristic V(K) by the RShunt value.

Fig. 2. a) Circuit schematic for switching test; b) switching waveforms of the anode A and cathode K of the
p-n junction.

Fig. 3. Detailed circuit schematic for diode switching test.
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Detailed circuit schematic used for minority carrier lifetime measurement in diode junction
in shown in Fig. 3. A similar schematic used for the minority carrier lifetime measurement in
the BJT transistor junctions is presented in Fig. 4.

Fig. 4. Detailed circuit schematic for BJT’s junctions switching test.

2.2. Surface recombination evaluation for various Si BJT design

For the BJT characterization, we have separately measured the lifetime of the base- collector
junction and the base-emitter junction as for a p-n junction.

For the method’s calibration, the minority carrier lifetime of several commercial 1N1711 npn
BJTs having different designs were measured. The micrograph captures of the tested designs are
shown in Fig. 5.

In the absence of surface recombination, the lifetime values τBC and τBE of both junctions
should be equals. Different values between τBC and τBE is the signature of a certain degree of
surface recombination; because the bulk lifetime of the base is the same, the measurement was
done on the same base epitaxial layer having two junctions, a surface BE junction and a buried
BC junction. Thus, the BE junction is subject to surface recombination. Further we’ll consider
the base-collector measured lifetime as reference for the calculation of base-emitter effective
lifetime.
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Fig. 5. 3 Layout format of tested 1N1711 npn BJTs.

In Fig. 6 a plot of measured τBE versus τBC is presented. The transistors having lower τBE
values than τBC indicate the presence of surface recombination. The highest mismatch of τBE
versus τBC occurs in the case of design T2 which have the highest periphery to surface ratio
(perimeter governed surface recombination) [10]. More details about surface recombination can
be also found in [8] and [9].

Fig. 6. Base-emitter versus base-collector lifetime.
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2.3. Surface recombination evaluation by Gummel plot
The Gummel plot is another electrical method to evidence the surface recombination [5]. The

method consists in plotting together the collector current IC and base-emitter current IBE versus
the base-emitter voltage VBE at a constant VCE slightly above the specific junction threshold
value (>0.7V for Si and > 2.5V for SiC).

Fig. 7 presents three Gummel plots, a) and b) for silicon BJT and c) for SiC BJT. In the
absence of surface recombination, the ideality factors nBC and nBE of the collector current IC and
base current IBE should be close to the value 1. In Fig. 7a the ideality factors of both IC and IBE
are 1, i.e. there is no surface recombination. In Fig. 7b the ideality factor nBE=1.34 indicating the
presence of surface recombination. In Fig. 7c is presented the Gummel plot of silicon carbide
BJT. In this case nBE=2 indicate a dominant surface recombination.

Fig. 7. Gummel plots: a) Si BJT design T1; b) Si BJT design T2; c) SiC BJT.

2.4. Minority carrier lifetime response to light excitation
Under low voltage reverse bias of the junction and strong illumination i.e., the minority

carriers generation is dominant (GL >> np0/τn, pn0/τp, ni/τ0), (Fig. 8), a photocurrent IPhoto due
to the generation of electron-hole pairs occurs as is described by the equation (2), [6]:

IPhoto = qGL(Lp + Ln +W )Aj (2)
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Where GL is the generation rate of electron-hole pairs due to absorbed light (per unit time
and volume), np0 is the concentration of electrons in a p-type semiconductor in equilibrium, τn is
the lifetime of electrons in a p-type semiconductor, pn0 is the concentration of holes in an n-type
semiconductor in equilibrium, τp is the lifetime of holes in an n-type semiconductor, ni is the
intrinsic carrier concentration, τ0 is effective lifetime within a reverse-biased depletion region, q
is the electric charge of electron, Lp is the diffusion length of holes, Ln is the diffusion length of
electrons, Aj is the cross-sectional area of the p-n junction and W the depletion region width of
the junction.

Lp =
√
Dpτp and Ln =

√
Dnτn (3)

Where Dp and Dn are the diffusivity of holes and electrons, τp and τn the lifetime of holes
and electrons.

Dp =
kT

q
µp and Dn =

kT

q
µn (4)

Where µp and µn are the hole and electrons mobility, k the Boltzmann’s constant and T is
the absolute temperature. Combining the equations (2), (3), (4) we can write now:

IPhoto = qGL

(√
kT

q
µpτp +

√
kT

q
µnτn +W

)
Aj (5)

Because usually Ln + Lp >> W, W could be neglected i.e. W ∼=0. Taking into account
that [7]:

µp = Bm × µn and τp = Bt × τn (6)

WhereBm andBt are proportionality factors between the holes to electrons mobility, respec-
tively holes to electrons lifetime in the same semiconductor material layer. Thus we can write
combining the equations (5) and (6) and having B as global proportionality factor:

IPhoto = qGLB
√
τnAj (7)

Fig. 8. Light sweep schematic of the p-n junction.
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ConsideringGL as variable input, the sweep ofGL gives a linear function having the slope m
that contains precious information about the minority electrons in the P type base of the transistor:

Taking into account that

GL = KLILED (8)

Where KL is the LED proportionality constant, we can write from equations (7) and (8):

IPhoto = qKLB
√
τnAjILED (9)

Or in a simplified mode:

IPhoto = mILED (10)

Where the slope m of the linear plot IPhoto versus ILED has the expression:

m = qKLBAj
√
τn (11)

Because KL is a LED constant and B a semiconductor material constant we can also write
for different junctions and the same light excitation:

IPhoto2

IPhoto1
=
m2

m1
=
Aj2

Aj1

√
τn2
τn1

(12)

Fig. 9. Photocurrent experimental slopes versus light intensity for a) Silicon BJT without surface recombi-
nation (white-LED) and b) SiC BJT with high surface recombination velocity (UV- LED).

Note in Fig. 9 the slope ratiomBC/mBE in the case of Si-BJT with no surface recombination
(Fig. 9a) and SiC-BJT that behave a high surface recombination velocity (Fig. 9b).

For the same light intensity excitation GL1 = GL2(ILED1 = ILED2) we obtain:

mBC

mBE
= BA

√
τBC

τBE
(13)

BA is a proportionality factor related on the geometrical dimensions of the base-collector and
base-emitter junctions.
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In BJT both BE and BC junctions are made on the same layer, the p base of the transistor. The
main difference between the two junctions is that the BE junction is exposed to the surface being
subject to surface recombination, while the BC junction is buried junction and is not exposed to
the surface.

2.5. Base-emitter lifetime evaluation by electro-optical measurements

Fig. 10. a) Simulated τBE values starting fom τBC and photocurrent slopes; b) simulation errors versus
experimental τBE .

The mean photo-current slope ratio of all tested Si BJTs is RmPh = mBC/mBE =1.0975 with
a standard deviation sd1= 0.018332 and the mean ratio (τBC/τBE)

1/2 = 1.015 with a standard
deviation sd2 = 0.01069.

The correction factor is BA = 1.0975/1.015 = 1.08 as results by applying (13).

Taking as reference the measured base–collector junction lifetime τBC in the same base epi-
taxial layer, we have calculated the base–emitter junction effective lifetime using the photo-
current correction factor BA = 1.08. The results are presented in Fig. 10. Fig. 10a shows
the calculated values of τBE starting from the measured τBC , for white, yellow, and red light
between +10% and -10% dispersion lines. Fig 10b illustrates the errors of calculated base to
emitter junction lifetime τBE relative to measured values. It is obvious that the method of cal-
culating τBE junction lifetime starting from electrical measured τBC junction lifetime and the
photo-current slope ratio between BC and BE gives 10% accuracy.

We can now apply this method to evaluate the effective base-emitter junction lifetime τBE of
SiC BJT that is strongly affected by the surface recombination and cannot be measured by the
standard electrical approach. For example we can evaluate it using the equation (13).

For a measured τBC=250ns of SiC BJT we obtain with the photo-current slope values from
Fig. 9b a BE lifetime τBE=3.3ns. Obviously, such a small effective lifetime value is difficult to
be evaluated by the standard electrical approach.
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3. Experimental results on Silicon Carbide BJTs

3.1. Selection of light excitation wavelength for SiC

The light absorption in SiC is strongly dependent on the ultraviolet (UV) wavelength.

Priory we have performed an evaluation of electrical sensitivity response to light excitation
for various UV wavelength using two different PiN diodes D1 and D2. In order to obtain linear
light intensity dependence versus the LED current, the LED currents are limited to the maximum
values specified in the data sheet for the both wavelength versions. For the 410 nm wavelength
we used a 500 mW UV-LED from Prolight Opto, type PML2L-1LLE-LC and for the 390 nm
wavelength we used a 40 mW UV-LED from Bivar, type UV5TZ-390-30.

Obviously, comparing Figs. 11a) and b) the best sensitivity is obtained for 390 nm wave-
length, 20 times better than 410 nm at the same distance between LED and p-n junction. Further,
the 390nm UV LED is used for SiC minority carrier lifetime measurements.

Fig. 11. Reverse photocurrent response of two PiN diodes for a) 410 nm UV wavelength and b) 390 nm
wavelength.

3.2. Calibration of minority electrons lifetime measurement by optical ex-
citation in SiC BJTs-BC junction

The electrical response reproducibility to the light excitation was tested for all the transistors
on the same wafer. Examples for the transistor versions Q2 and Q11 are plotted in Fig. 12a) and
Fig. 12b). The characteristics IPhoto−CB versus ILED are highly reproducible on the wafer for
the same transistor version.
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Fig. 12. Photocurrent characteristics on the same wafer of a) Q2 SiC BJTs b) Q11 SiC BJTs; Transistor
geometry of c) Q2 SiC BJT and emitter detail d) Q11 SiC BJT and emitter detail.

Fig. 12c) and Fig. 12d) illustrate the emitter layout and dimensional detail of the transistors
Q2 and Q11 respectively.

If in equation (11) we note Cj = qKLBAj we can write for the BC junction:

mBC = CBC
√
τBC (14)

Where CBC is proportionality constant; the BC lifetime expression becomes now:

τBC =
(mBC

CBC

)2
= KBC(mBC)

2 (15)

Where

KBC =
( 1

CBC

)2
(16)

The calibration of the optically measured minority electrons in the SiC BJTs was performed
considering as reference the electrical measurements of the BC junction.

Electrical measurements of τBC were performed on various transistors. Also from the light
sweep excitation characteristics we have measured the slopes mBC of the BC junction photocur-
rent versus the LED current for these transistors. For every transistor version we have calculated
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the corresponding KBC coefficients. Note that the coefficients KBC are the mean value for each
BJT version. These coefficients are presented in Table 1.

Table 1.

BJT version
Coefficient KBC

(s)
P/A

(cm−2)
Q1, Q9, Q10, Q12 380 796.14

Q13 380 1026.69
Q2 233 1364.62
Q6 424 816.71
Q7 620 686.1
Q8 542 776.46

In order to validate the correspondence between the electrically measured lifetime and the
lifetime measured by light excitation, the optically measured lifetimes versus the electrically
measurements of the electrons lifetime in the BJT base are plotted in Fig. 13a) and Fig. 13b).

The plot from Fig. 13a) is for a single SiC BJT version Q2, while in Fig. 13b) the plot shows
the results for all the measured SiC BJTs.

The graphs show that comparative to the electrical measurements the optically measured BC
junction lifetimes are within 10% precision.

Fig. 13. Light excitation measured Base-Collector lifetime for a) single Q2 BJT model; b) various BJT
models-Q1, Q2,Q7, Q14.

3.3. SiC BE minority electrons lifetime measurement by optical excitation

Because the surface junctions in SiC are affected by very high surface recombination, the
apparent measured electrons lifetime of the BE junction τBE.eff is much lower than the refer-
ence τBC that is still electrically measurable. The effective BE lifetime of electrons cannot be
electrical measured by the already described method. Therefore it is calculated using as reference
τBC electrically measured and the electrical response of the reverse biased junctions BE and BC
to the light sweep.

From the relation (13) we can extract τBE.eff obtained by electro-optical measurements:
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τBE.eff = (BA)
2
(mBE

mBC

)2
τBC (17)

Where τBE.eff is the apparent measured electrons lifetime of the BE junction, τBC is the
electrically measured electrons lifetime considered as transistor reference; mBE and mBC are
the slopes of the electrical reverse current of BE junction and respectively BC junction versus the
LED current.

The optically measured τBC.opt and τBE.eff values versus electrically measured τBC are
plotted in Fig. 14.

The very large difference between τBE.eff and τBC demonstrate the presence of a dominant
surface recombination. We can write the simplified equation:

1

τBE.eff
=

1

τBC
+

1

τs.rec
(18)

τs.rec is the surface recombination lifetime of the electrons.

Fig. 14. Optically measured electrons lifetime in BC and BE junctions versus electrically measured lifetime
in BC junction.

3.4. Evaluation of surface recombination velocity
Since the surface recombination lifetime is dependent on the perimeter-to-area ratio of the

junction [10], [11] we can rewrite the equation (18) as a function of surface recombination ve-
locity S and perimeter-to-area ratio (P/A), where P is the emitter perimeter and A is the emitter
area:

1

τBE.eff
=

1

τBC
+ S

P

A
(19)

Using the equation (19) and assuming for each measured SiC BJT that the bulk electrons
lifetime τe.Bulk = τBC and having the P/A ratio values for each transistor, we have represented



Surface Recombination Evaluation in SiC Bipolar Transistors 27

in Fig. 15 the graph of surface recombination velocity as function of P/A. The maximum, mean
and minimum values of surface recombination velocity are respectively Smax = 4.12×105cm/s,
Smean = 2.92 × 105cm/s, Smin = 1.79 × 105cm/s. The mean recombination velocity value
of this work is 6 x larger than the value for holes Sh = 5 × 105 cm/s reported in [10] and
[11]. It should be noted that in contrast to the results reported in [10] and [11] where the surface
recombination velocity is measured for holes in p+n junctions, we have evaluated the surface
recombination velocity of electrons in the n+p junction of the BJT’s base layer.

One can observe that in our work the surface recombination velocity measured individually
on each transistor behave a decreasing slope versus P/A ratio. We have no explanation for that,
but we should emphasize that unlike our method, in [10] and [11] the surface recombination
velocity has been calculated as the linear slope of the plot 1/τp versus P/A considering the same
τp.Bulk for all the p-n junctions. On the other hand in [10] and [11] the P/A ratio is in the range
50 cm-1 to 300 cm-1 and also the lifetime of minority carriers (holes) is high enough and is
electrical measurable by the current switch method. One can observe that in our work the surface
recombination velocity measured individually on each transistor behave a decreasing slope versus
P/A ratio. We have no explanation for that, but we should emphasize that unlike our method, in
[10] and [11] the surface recombination velocity has been calculated as the linear slope of the
plot 1/τp versus P/A considering the same τp.Bulk for all the p-n junctions. On the other hand in
[10] and [11] the P/A ratio is in the range 50 cm−1 to 300 cm−1 and also the lifetime of minority
carriers (holes) is high enough and is electrical measurable by the current switch method.

Fig. 15. Surface recombination velocity of BE junction as function of P/A ratio.

4. Conclusions
Two novel methods are introduced by this work. The first method is targeting the evaluation

of effective lifetime in the base-emitter junction of SiC bipolar transistors [1]. The method com-
bines the minority electrons lifetime measurement in the base-collector junction of SiC transistor
by current switch approach, with the photo-current response of the both BC and BE junctions
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under reverse bias. The slope ratio of the two photo-current characteristics versus light intensity
are proportional with the square root of the lifetime ratio of BC lifetime and BE lifetime. This
novel method allows the measurement of very low effective lifetime values in the range of a few
ns that cannot be measured by classical electric methods.

The second novel method is aimed for evaluation of very high surface recombination ve-
locity involving very low effective lifetime values. In contrast with the already reported works
dedicated to surface recombination velocity of holes in SiC-PiN diodes, this work comes with
complementary research to perimeter governed surface recombination on SiC devices with a
study on surface recombination velocity of electrons. The study of surface recombination veloc-
ity of electrons is important for the SiC BJTs having a high interdigitating level and consequently
a very large P/A ratio.

According to the novel method the surface recombination velocity is individually measured
on each transistor type on different positions on the wafer and represented on a graph as function
of perimeter-to-area ratio. The surface recombination velocity evaluation is possible in our ap-
proach because the electrons lifetime of BC junction is assumed as bulk electrons lifetime of the
transistor and because the very low effective lifetime of BE junction becomes measurable using
the presented novel electro-optical method.

Our measurements cover the P/A range from 700 cm−1 to 1400 cm−1. The experimental
values of surface electrons recombination velocity are Se.max = 4.12 × 105 cm/s, Se.min =
1.79× 105 cm/s as function of P/A ratio, compared to the reported value for holes in PiN diodes
Sh = 5× 104 cm/s.
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