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Abstract This paper aims to develop a comprehensive phys-
ical model for a bipolar transistor’s polysilicon-contacted
emitter. Poisson’s equation is solved numerically in the
emitter—base space charge region to specify the boundary
conditions and the excess minority carriers injected from base
to emitter. The continuity and current transport equations are
also solved numerically to obtain the minority carrier current
in the emitter region. The polysilicon along with the inter-
face layers is modeled by using an effective value for the
lifetime. In this model, all the technological parameters of
different emitter regions are taken into consideration. Also,
the heavy doping effects and the built-in electric field in the
shallow non-homogeneous doped single crystalline layer are
also included. Such a systematic model does not exist in the
literature. The results of the analytical model are numeri-
cally evaluated using MATLAB. The trends provided by the
model are validated against published experimental results
whenever possible and found to be in good agreement with
them.
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1 Introduction

In developing bipolar transistors for integrated circuits, it is
required to reduce the transistor area to increase its current
amplification factor and the switching speed [ 1-3]. The major
characterization parameters of integrated circuit bipolar tran-
sistors include the cross-sectional area of the emitter—base
junction (Ag), the saturation current (/,), the early voltage
(V4), the base transit time ( Tr), the base—emitter zero-bias
junction capacitance (Cj.0) and the base—collector junc-
tion capacitance (Cy) [4,5]. A polysilicon emitter contact
improves the BJT current gain, while the transistor speed is
not affected by such improvement [6,7]. So, the addition of a
polysilicon layer to the single thin crystalline layer enhances
its performance significantly [8—11]. Thus, the polysilicon
emitter transistors are widely used in high-speed bipolar cir-
cuits, contemporary bipolar and BiCMOS IC because of their
pronounced features [12,13]. Additionally, these types of
contacts has gained attraction in the fabrication of solar cell
structures [14].

They have higher current gain and high performance-to-
cost ratio compared to the metal contact transistors [15,16].
This high gain, according to the transport theory, is achieved
due to low mobility of holes in polysilicon emitter contacts
[17]. Because of the complicated structure of the polysilicon
emitter, there is no adequate model to explain the electronic
phenomena associated with it.

In the literature, many theoretical models have been pro-
posed to investigate the current gain in polysilicon emitter
transistors. Some models include the potential barrier model
due to the doping atoms segregation at the polysilicon/silicon
interface [18,19]. Other models include the mobility reduc-
tion model at the grain boundaries in the polysilicon and at
the pseudo-grain boundary at the polysilicon/silicon inter-
face [9,20]. Also, the oxide tunneling model, which explains
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the improved gain by tunneling through a thin oxide layer
at the polysilicon/silicon interface, is also presented [8,21].
Moreover, an analytical model that simulates the current
gain improvement of polysilicon emitter bipolar transistors
based on the effective recombination velocity method was
built [22].

In most cases, the recombination in the single-crystal
emitter was neglected [8,9,23,24]. In other situations, a sim-
plified model for the transport in the polysilicon was assumed
[25,26]. Furthermore, the grain boundaries were merely con-
sidered to be parallel to the n—p junction [21,27,28]. There
are a lot of available models that take the effective recombi-
nation velocity into consideration. This, in most cases, gives
results based only on fitting that may be unphysical.

The emitter consists of a single crystalline layer followed
by a polysilicon layer. Between these two layers, there is
an interface region (i-layer) which depends greatly on the
polysilicon deposition conditions and the surface of emitter
before deposition. The structure and physical properties of
this i-layer are governing the electrical performance of the
polysilicon emitter. Because this layer is thin and has another
energy gap than silicon, it is modeled by a potential energy
barrier in addition to a Gaussian distribution of recombina-
tion centers.

In this work, a mathematical model has been developed.
The semiconductor equations have been applied to the dif-
ferent regions of the emitter. The non-homogenous doping
profile is taken into consideration as well as the high dop-
ing effects on the energy gap and lifetime and the impact
of the grain boundaries in the polysilicon region. Moreover,
Poisson’s equation is solved numerically in the emitter—base
space charge region to specify the boundary conditions and
the excess minority carriers injected from base to emitter.
The continuity and current transport equations are also solved
numerically to obtain the minority carrier current in the emit-
ter region. By solving these equations, the /-V characteristic
of the emitter is obtained. A simulation program is developed
under MATLAB environment to calculate the minority car-
rier current for any technological parameters. The developed
model results are found to be in agreement with the published
experimental results. This agreement gives a real validation
of the presented model.

2 Description of the emitter region

Bipolar junction transistor (BJT) consists of three regions: the
emitter, the base and the collector. The base—collector region
must be short-circuited to be able to get the /-V character-
istic of the emitter region. The schematic describing such
condition is shown in Fig. 1.

When the emitter—base junction is forward biased, the
back-injected emitter current determines the injection effi-
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Fig. 1 A typical BJT with shorted collector—base junction

ciency of the emitter and the current amplification factor of
the transistor. The base is a p-type material with background
acceptor concentration N 4. The emitter region is divided into
three layers. The first layer is made of single crystalline sili-
con with donor doping concentration Np. The second layer
is made of polycrystalline silicon with a particular donor con-
centration. The third layer is formed at the interface between
single and poly-layers. This layer consists of an oxide, insu-
lator, assuming the layer is very thin (& 20 — 30 A). This
layer could be intentionally grown on the silicon substrate
prior to the polysilicon deposition [29]. Meanwhile, it could
be found due to any oxide contamination and, in this case, it
is called native oxide [28].

Figure 2a shows the different layers of the emitter region:
the poly-layer, the SiO; interface layer and the single crys-
talline emitter layer. In Fig. 2b, the corresponding energy
band diagram of the emitter layers is introduced labeling the
relevant material parameters. The interface (SiO;) is very
thin. This construction is expected to improve the emitter
characteristics and hence the transistor performance.

In practice, the donor impurity distribution (Np(x)) of the
single layer is not homogeneous, and it may follow a com-
plementary error function or a Gaussian function as given by
Egs. (1) and (2):

X
N = Njierf 1
p(x) eC<zm) ey

Np(x) = Nse™ /4 @)

where Ny is the surface concentration, D is the diffusiv-
ity coefficient (cm? /s), t is the diffusion time, and x;(x; =
24/Dr) is the characteristic length of the Gaussian function.
Equations (1) and (2) are examples of the doping profiles of
donor distribution throughout the emitter and hence the pat-
tern of majority carrier concentration (which is, in this case,
electrons).

Figure 3 shows the complementary error function as an
example. It is clear that with increasing the distance inside
the material, the donor concentration Np decreases until it
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Fig. 3 Profile of the donor and the transition region of the emitter—base
junction

reaches the value of background concentration N 4. The point
at which (Np = Nj) is the interface between emitter and
base. It is called the junction point x; as indicated in the
figure. The transition region width is W; = [, + [, (as
shown in the figure). In the next sections, Poisson’s equation
is solved in the emitter—base junction and specify exactly
I, and [, and the width of the transition region for certain
applied voltage V,,.

3 Transition region calculation

In this section, it is required to determine the excess
minority carrier concentration which is not constant for non-
homogeneous profiles. Its value changes with the change of
the width of the transition region. Thus, its value changes with
the applied voltage (V). The relation between the applied
voltage and [, and /,, must be obtained to specify the donor
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concentration at the edge of the emitter region. According to
Boltzmann relation:

Ap = p i) = puo (/7 ~1) 3

where p,,,is the hole concentration at x = x,,, i.e.,

n?

[ S 4
Np (xp) — Na @

Pno =

Now, the physical properties of a p—n junction could be
described. Considering the situation in Fig. 3, starting with
Poisson’s equation,

dE._ p
dx &

(&)

It is known that n = p =~ 0 in the transition region. Further-
more, as the donor concentration is variable with the distance
x, the electric field could be written as,

E(x) = / "]\L S (6)

Xn

where x < x; and N(x) = Np(x)—N4. Since the material
is neutral around the transition region one has: E(x,) =
E(xp) = 0 then,

Xj Xp

E(xp) =/qN(x)dx+/—qN€(x)dx =0 )

&
Xn X

Equation (7) states that for any given value of x,,, one can get
the amount of shift toward the base (i.e.,/,) and hence x,,. It
is clear that the maximum electric field occurs when x = x;,
i.e.,
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The potential at the neutral n-region, emitter region, could
be assumed to be equal zero, i.e., V(x,) = 0. As the elec-
tric field is known, the potential distribution V (x) could be
determined. By definition,

X X
/ dv = / Edx )
Xn Xn

Then, the potential at any point x is,

V(x):f qug(x)dx dx (10)

Now, the barrier height Vp is defined as
Ve=9oFV, (11)

The negative sign is for forward bias, and the positive sign is
for reverse bias. ¢ is the built-in voltage defined as the barrier
height when no bias is applied, i.e.,

¢ = Vp, = barrier height at V, =0 (12)

The barrier height is a function of x,, at a particular applied
voltage, i.e.,

Xp
m:/Equ (13)

Xn

At Vp = ¢ (no applied voltage): x,, = x,, and [, = [,,,, then,

N N
Va(no) = ¢ = Vr In—2 + vy PRLISTD (14)

i n;

When the emitter junction is forward bias with V,, > 0, the
barrier height decreases. It means that the boundary value of
Xn changes from x,, to a certain new x, greater than x,,,
This makes the transition region to be narrower. Hence, a
new boundary condition for the doping level on the emitter
side arises.

Equations (8), (10), (13) and (14) can be summarized as
follows:

I) Assume a given value of [, => x, = x; — [,
IT) One can find E(x) atl, and [, = x, — x; from Eq. (7)
IIT) Change /,, to get different cases of the electric field
distribution.

Assume a given value of

ln=>xn =xj'ln

. J
e N
Find E(x) at I, and
Lh=x-x
\. J

v

Change /, to get
different cases of the
electric field
distribution

v

For each value of /,(x,),
find potential or barrier
height V=/f{l,)

v

.

Yes Find /,,, X,, and ¢

No

Find /,, x, and
Np(x,)

Fig. 4 Flowchart summarizes the steps of calculating /,,5, X0, [, and
Xp.

IV) For each value of [, (x,), one can find the potential or

barrier height, i.e., Vg = f(I,,) from Eq. (13)
V) If V, = 0, for each value of [,,, calculate ¢ (I,,) using

Eq. (14)

VI) If Vg (I,) — ¢(,) =0, then l,, = [,,,, and hence ¢, = ¢
(Ino)

VII) If V, > 0, by the same way of the previous step, /,
could be found and hence x;,, and Np(x;).

The last steps are summarized in the flowchart of Fig. 4.

4 Mathematical derivation of the minority carrier
concentration

In this section, Poisson’s equation is solved to find the bound-
ary limits on both sides of the transition region. The current
and continuity equations should be solved to find the profile
of minority carriers in the emitter region. Consider the struc-
ture in Fig. 2 and assuming low-level injection, the current
density of the holes is given by [6],

@ Springer



J Comput Electron (2018) 17:246-255

p on ap
Jp=—qDp,——>+¢q uppEg — qDp—

15
n, 0x 0x (15)

The first component of Eq. (15) is the drift component caused
by the electric field due to the non-homogeneous profile of
the donor concentration. The second component is produced
by the electric field due to the band gap narrowing (BGN),
where

2Vr 0ng,
B =

16
Nie 0X (16)

If the BGN effect is neglected, then n;, = n; and its current
component equals zero. Finally, the third part is the diffusion
component caused by carrier concentration gradient.

The second equation, to be considered, is the continuity
equation which could be written in the form of a partial dif-
ferential equation, assuming that the minority carriers do not
change with time, as follows,

19,
0=——"L_U(p,n

Y (17)

Then, differentiating Eq. (15) with respect to distance leads
to,

19J, ap 3p
_ P _ — —-D,—— 18
Sy =@ P+ @I - Dy (18)
where
0 1 Ong, 1 on,

=—|2D,——— —-D,— 19
S 8x|: pnie 0x pno 8x:| (19
and

1 onge 1 9n, 9D,

=2D,—— —D,— - — 20
f2 pnie 0x Png 0x dx (20)
Now, substitute Eq. (18) in (17), one gets,

9?p dp
—Dp— + L) =+ fitk)p=-U(p,n) (21)

dx 0x

Combining the SRH and Auger mechanisms, the recombi-
nation term U (p, n) could be written as,

c pn — ”12
PCy(n+n1)+Cp(p+ p1)
+ Cand(p — po)

U(p,n) = N:Cy

(22)

Assume quasi-equilibrium and ng >> p, in the n-type emit-
ter, then the recombination term could be simplified to,

Up,n) = f3(x)(p = po) (23)

@ Springer

where

f3(x) = C,N; + Canj (24)

Substituting Eq. (23) in (21), one obtains,

9%p ]

0,2 L4 L LA+ 1P = f0)pe 25)
dx X

ax
Since the emitter is a heavily doped semiconductor, it is ver-
ified numerically that the term (f3(x)p,) can be neglected,
and then Eq. (25) becomes,

a2 d
L WL~ fop =0 (26)
0x 0x
where
2 0nje 1 dn, 1 dD,
= —— - — = 27
f5(x) ie 0X ny 0x Dp 0ox @7
and
1 0 2 0nje 1 on,
=— —|Dp[= - —
fo(x) Dp 0x |: P (nie 0x Ny 0x >i|
Can:  C,N,
— 4+ 28
H ot h (28)

where N; is the concentration of recombination center, and
it can be expressed as,

Np \* 1 Np \*
P P m( +<NDr> ) fL( Jr<NDr>

(29)

where «; and Np, are certain parameters to describe N;. The
numerical values of these parameters are chosen to be «; =
0.5, Np, = 10" em =3 and t;, = 1/(CNy,) = 10 us. Similar
values are found in the literature (o; = 1, Np, = 107 cm =3
and 77 = 10 ws) [30].

Equation (26) is a second-order differential equation. Two
boundary conditions are needed to solve this differential
equation; they are:

(1) atx = 0, p = 0 which means a metallic contact; and

2
Wty (¢ =1)

(i) atx =x,, p = Ap =
A MATLAB program is built to evaluate the analytical model
numerically. The profile of minority carriers p(x) and its

derivative g—fc’ are found as output from the program. Both

p(x)and g—;’ are necessary to study the behavior of the emitter
after calculating the current density at any applied voltage.
The hole current is calculated from Eq. (15). The total current
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is the hole current at x = x,. Furthermore, the saturation
current density is extracted by fitting the simulated current—
voltage characteristic using,

J=1J, (ev"/VT _ 1) (30)

5 Effect of polycrystalline layer

The polysilicon layer is heavily doped with constant donor
concentration equals to the surface concentrations N of the
single layer. The poly-layer is deposited over the single layer.
The dopants are diffused from the poly- to the single layer
and acts as a diffusion source for the single-crystal emitter
layer. The depth of the junction depends on the diffusion
temperature and time. The doping concentration in the sin-
gle layer is described by complementary error function or
Gaussian function or any measured profile.

The polysilicon layer is modeled as a mono-silicon layer
with a homogeneous profile Np(x) = Ng. The lifetime has
an effective value in the polysilicon (tpoly). The interfacial
layer contains additional recombination centers following the
oxygen atom distribution at the interface, and these recom-
bination centers could be modeled as a Gaussian distribution

_ 2
Ny (x) = Nyp exp (—m> 31)

202

where o, is the capture cross section, Ny, is the trap den-
sity at the interface, and o is the standard deviation of the
trap distribution. This results in an additional recombination
lifetime 7; that can be expressed by:

1
T VN .

where Vj;, is the thermal velocity (typically = 107 cm/s).
Values of the recombination parameters could be in the range:
oc=10""cm?, Nyy = 10" ecm™3 and o = 10 nm [31].

The interface lifetime t; is combined to the poly-lifetime
in the poly-layer and the single lifetime in the single layer as,

1 1 1
= + , 0<x < xpol (33)
Teff (x) 7 (x) Tpoly pow
1 1 1

= + s Xpoly <X <X (34)
Tef(X)  Ti(X)  Tgingle Y !

The term Tpoly in Eq. (33) is modified before combining it
to 7; as will be explained. The modification of Tpely comes
from the effect of the oxide layer as will be discussed.

In addition to the modification of the lifetime of minority
carriers, the interfacial layer constitutes a potential energy
barrier for their flow. The schematic distribution of holes

0 Xpoly Xn Xj Xp

Fig. 5 Hole distribution in the polysilicon emitter

injected in the emitter is shown in Fig. 5. The potential bar-
rier of the interfacial layer causes the hole concentration to
be reduced from p; at the mono-silicon edge to p» at the
polysilicon edge of the i-layer.

The tunneling probability of holes across the i-layer could
be given by,

Praexp (—d v(,x) (35)

where d is the interface layer thickness in Angstrom and V,,
is the tunneling barrier height. V,, is typically in the range of
1 V [15]. Holes cross the barrier also by thermionic emission.
The thermionic emission current is given by,

V.
Jin = qp1 Vip exp (— vT> (36)

The total hole current at xpoly can be expressed by,

2
Iy = qppf— (37)
p

where /), is the diffusion length of holes in the poly-layer.
The tunneling Jrcurrent has the form,

Jr =q (p1 — p2) Vin Pr (38)

The total hole current crossing i-layer is then,

V.
Jot = Jin +J1 = gp1 Vi (PT + exp (—VLTX)) —qp2Vin
(39)

Assuming negligible recombination in the i-layer, then J,, =
Jiot» 1t follows that the recombined thermionic emission tun-
neling probability o;; can be put in the form,

lthh _M
;D (PT + exp ( Vr )) (40)
C1r = - lthh
pi 1+ 5=Pr
P

Then J, can be expressed by,

_ qgDppray _ qDpp1

L /
4 Dpoly (Tpoly/ atzt)

Ip
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The effect of the barrier can be formally modeled by defining
a new minority carrier lifetime in the polysilicon layer such
that,

Tpolynew = Tp%ly (4D
Ut

In addition, xpoly must be formally extended to xpoly =
(xpoly/cy) since the diffusion length will be extended by
(1/04t) to preserve the shape of the minority carrier distri-
bution in the polysilicon region. With this formation of the
i-layer, the solution domain is reduced to only two regions,
namely the mono-silicon layer and the formally new polysil-
icon layer. In both regions, the minority carrier differential
equation is directly applicable.

Now, tpoly Will be replaced by Tpolynew in Eq. (33). It
becomes

1 1 1

- “2)
Teff (x) 7 (x) Tpolynew

6 Results and discussion

In this section, the results from the developed program under
MATLAB are presented. These results include /, and [, as a
function of potential barrier Vg. Also, the J—V characteristic
versus the applied voltage V,, is introduced. Various effects of
the design parameters on the emitter properties considering
the saturation current density are studied. These include the
polysilicon thickness xpoly and doping, background doping
and oxide thickness according to the variation of the interface
anneal temperature.

6.1, and [, as a function of potential barrier Vg

Figure 6 shows the variation of /, and /,, with the potential
barrier V. It can be depicted from the figure that [, < [,
due to using the complementary error function profile. Also,
it is clear that [, varies slightly with barrier height Vp. This
is because Vp decreases when the p—n junction is forward
biased. Thus, the transition regions [, and [, decrease.

6.2 J-V characteristics versus the applied voltage V,

The J—V characteristics are shown in Fig. 7. The best expo-
nential fitting describing the curve is:

Jp =3.4x10""2exp (38.7 V,) (43)

From Eq. (43), the reverse saturation current density Jp,
equals to 3.4 x 10712A/cm?. If the injected hole current
in the emitter decreases, the transistor injection efficiency
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Fig. 7 J-V characteristic with N4 = 10 cm™3, Ns = 102 cm 3 and
diffusion time 1h

increases. As a result, the amplification factor increases.
Thus, the transistor designer aims to reduce J,.

6.3 Effect of design parameters on J,

Firstly, we take the doping profile from an experimental case
study [28] to compare the simulated profiles. The process
parameters such as diffusivity constant [32], temperature
and diffusion time are selected and taken the same for the
Gaussian and erfc distributions. Figure 8 shows the simu-
lated profiles for the Gaussian and erfc distributions vs. the
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Fig. 8 Simulated As doping profiles vs. experimental profile (T
=1000 °C, and diffusion time 0.5 h)

chemical concentration which is measured using Rutherford
backscattering (RBS) [28]. The average doping in the polysil-
icon region is taken to be 2 x 102° cm™3. The figure indicates
that the Gaussian distribution is more realistic than the erfc
function for this case study. Consequently, Gaussian distri-
bution function will be used in the following simulations.

Figure 9 reflects the effect of poly-layer thickness xpoly
on Jp, The poly-layer thickness xpoly changes from zero
to 0.7 wm at two different values of surface concentration
(2 x 102 cm=3 and 3.3 x 10" cm™3) as in [28]. From the
figure, Jp, decreases with increasing xpory until it is nearly
saturated. Also the measured saturation current density is
shown [28]. These results represent a validation of the trends
of the proposed model.

The effect of background concentration is also studied.
The results are illustrated in Fig. 10. It can be depicted that
N4 has the same effect as Ng on Jp, where increasing N
tends to decreasing Jp,.

In the following analysis, experimental results from [11]
are considered in which an interface anneal was carried out
after polysilicon deposition. It is evident, based on mea-
surements, that the base current increase significantly as
the interface anneal temperature is increased from 800 to
1100 °C. These results were correlated with experimental
observations which showed that an interfacial oxide was
present and broke up as the interface anneal temperature was
increased [11].

The simulation is carried out as follows. The doping pro-
file is checked to be consistent with that of the measured
data [15] for an active emitter area of 20 wm x 18 pwm. The
oxide thickness is taken as a fitting parameter to match the
experimental data of the saturation current. In doing so, the

-11
3510 : : : : :

—— N =33x 10" cm™ Model

* Ns =3.3x10" cm™ Measurements | -

= = NS=2><102° cm™ Model

[ ] NS =2x10% cm™ Measurements

Fig. 9 Effect of x,01y and Gaussian function profile with different Ng

-12
10

2
4, (Alem”)

0 . .
101 10V 108

Background Concentration N /, (cm '3)

Fig. 10 Effect of background concentration N4 on Jp, at Ng =
102 ¢cm—3 and Xpoly = 0.4 um

oxide thickness was firstly taken to be 15 A. This value of
oxide thickness gives I, = 3 X 1072 A. The thickness
is found to be less for higher temperature as expected. The
oxide thickness is varied from 15 A (at T = 800°C) to 8
A (at T = 1100°C which corresponds to maximum oxide
break up). The simulated results along with measurements
are presented in Fig. 11 showing good agreement between
simulations and measurements.

From the simulations carried out in this section, we can
conclude with the following remarks. In order to enhance
the performance of the polysilicon emitter, it is required to
decrease the saturation current as possible as we can. So, it
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Fig. 11 Effect of interface anneal temperature on /,,

is recommended to increase the doping concentration in the
poly-emitter, or increasing the thickness of the poly-layer.
Also, there should be some treatment to control the oxide
thickness as results show its important encounter in the per-
formance. The presented results can be used to optimize the
performance of the polysilicon emitter. It may be pointed out
that the presented numerical model is also applicable to any
mono-crystal emitter with any arbitrary doping profile.

It can be concluded from these simulations that accurate
numerical simulation capabilities are essential to optimize
this type of emitter. The presented approach enables the pre-
diction of the performance of this complicated contact before
its fabrication.

7 Conclusion

The polysilicon emitter has been modeled using a numerical
and analytical approach. A general physical model has been
developed which takes into account the effect of the tech-
nological parameters on the electrical characteristics of the
emitter. The semiconductor equations have been applied to
the different regions of the polysilicon emitter to set up the
analytical system. High doping effects on the semiconduc-
tor parameters have been included. The system of equations
has been solved numerically to calculate the /-V character-
istics of the emitter. To realize this solution, a simulation
program has been developed under the MATLAB environ-
ment. The accuracy of the solution is confirmed by comparing
the numerical solution with published experimental results.
Many simulations have been executed to study the effect of
the physical parameters on the emitter performance.

@ Springer

It was found that the saturation current could be decreased
by many factors: increasing the polysilicon doping and/or
thickness, increasing the background concentration and
proper treatment of the oxide layer. These physically based
simulation results are essential to optimize this type of con-
tact because they enable the prediction of the performance
of this complicated contact. Moreover, the presented model
could be easily modified to be applied to similar structures
like those encountered in solar cell applications.
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