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The importance of heavily doped mono- and polysilicon in advanced devices such as polysilicon emitter contacts and
the increasing use of simulation in development and manufacturing has created a need for accurate transport parameter
models for minority carriers. Numerous transport parameter models for heavily doped silicon have been proposed,
but disagreement still exists over which are correct, and models for minority carrier transport parameters in heavily
doped polysilicon are virtually nonexistent. In this paper we present a complete set of models for minority carrier
transport parameters (mobility, lifetime, and bandgap) in heavily doped n-type mono and polysilicon. The models are
analytic functions of doping and temperature. The models for polysilicon are also functions of grain microstructure.
They predict behavior which agrees with the most recent available data and models, and they are easily implemented in
device simulators. Self-consistency implies that when used as a set in the solution of the transport and current equations,
the models predict correct results. Two anthors [1, 2] have published complete, self-consistent sets of models for steady
state minority carrier transport parameters in heavily doped silicon but models for the transport parameters differ
between the two. Recent work [3, 4] has supported the models published by [1] for bandgap narrowing and mobility,
respectively, thus we use the empirical models in [1] as a basis for our work.

Our monosilicon work focuses on effective bandgap narrowing, AE, . ;;, which is critical for modeling changes in intrinsic
carrier concentration due to heavy doping. In contrast to theoretical models, i.e.[4, 2, 5], the validity of empirical
models based on measurements of AF .s¢, [1, 3], is limited to the range of doping in devices measured, approximately
5% 108 < Ny < 16®%cin~3. A consistent and important difference between the theoretical models and the empirical
models is that the empirical models predict that AE, .¢; increases monotonically with doping, while the theoretical
models show that the relationship is non-monotonic at higher doping. This nonmonotonicity at high doping levels is a
result of bandgap widéning effects from degeneracy. We use a slightly modified form of the model from {2]. It includes
physical considerations of degeneracy as well as band structure changes and predicts the correct non-monotonic behavior
at high doping levels. Our AE, ;s model is shown in Figure 1 along with empirical AE, .¢¢ models proposed by {1]
and [3]. The magnitude of our model matches well to the empirical models.

The models we propose for lifetime and mobility are given in Table 1. The mobility model is based on models of [1]
and [6]. The lifetime model includes Auger and Shockley-Hall-Read recombination. In heavily doped silicon, Auger
recombination dominates in the determination of the lifetime. Daziewior et.al. [7] showed that the minority carrier
lifetime has a negligible dependence on temperature for the range 77K < T < 400K.

In polysilicon, carrier mobilities and lifetimes depend not only on doping concentration and temperature but also on .
grain microstructure. It is widely viewed that transport parameters inside grains are the same as those in monosilicon,
but that behavior of carrier mobilities and lifetimes at the grain boundaries are quite different from those in monosilicon.
The polysilicon mobility and lifetime values are combinations of the values within the grains and at the grain boundaries.

In our polysilicon mobility model we assume that minority carrier transport behaves similarly to majority carrier
transport and we adopt the form proposed in [8] for modeling majority carrier mobility in heavily n-type polysilicon.
We model transport inside grains as in monosilicon and transport in grain boundaries as in [8]. Electron mobility in
n-type polysilicon was studied in [8]. Since hole mobility in heavily-doped n-type silicon is about half of the electron
mobility, we assume this relationship holds in polysilicon and include this factor in our grain boundary mobility model
for holes. The expression for effective mobility in polysilicon, g0y, combines grain and grain boundary mobilities. Qur
model requires parameters Iy, average grain size, and Ny, average number of grains seen by a carrier. The number of
grain boundaries, Ny is related to Ny by Ngz = Ny — 1. The model for the effective mobility is given in Table 1. In the
equation, Wy is the width of the poly layer, I; and [y, are the grain and grain-boundary length, respectively, and p,
and pg are the mobilities in the grains and in the grain boundaries, respectively.

Significant recombination takes place at the grain boundaries in polysilicon. For smaller grains there is a larger proportion
of grain boundaries and correspondingly greater recombination. Thus, lifetime, 7,01y is related to grain size. A relation
which fits the data well for effective lifetime in the grain boundaries is 7y (sec) = 5+ 10~% « I, where I is the grain
size in cm [9]. Our model for lifetime in polysilicon is given in Table 1. We model AE, ¢ in polysilicon the same as
AE .5 in monosilicon, which is a function of doping concentration in the grains and temperature.

Our models’ predictions of minority carrier diffusion length in polysilicon, Lyoly = /Dpoly Tpoly, as functions of tem-
perature and number of grains are shown in Figure 2. Only one work, [10], has reported measured Loy in polysilicon
doped to 102°cm~23. They [10] report room temperature values of Ly, of 41nm and 50nm. These results match well to
our model for Ngrains ~ 3. Note also that the model approaches values for monosilicon at Ngrains = 1, which makes
the models useful for polysilicon applications where anneal conditions may result in recrystallized monosilicon.
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In summary, we have presented a complete set of transport parameter models for minority carriers in heavily doped
mono and polysilicon. The models match well with the most recent available data and models for minority carrier
transport. They include dependencies on doping level and grain size and are easily implemented in device simulators.
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_Figure 1: Bandgap Narrowing vs. Doping Concentration Figure 2: Diffusion Length in Polysilicon as Function
for Different Models. of Number of Grains and Temperature.
Material Parameter Model Source
Name
MONO Bandgap AEg st = AE,n — AE,p. Form from [2];
SILICON Narrowing AE N = An®?¢ Modified Values
—0.25 .
AE,p = KTRy [64 +0.05524Rn (64 + RY’)] to agree with [1]
-8
A=08%10 ,RNzN'-‘E,
n is ionized carrier concentration; N¢ is density of states.
Intrinsic Ego =1.1785 — 9.025 10757 — 3.05 x 10~"7T?, (150K < T < 300K) [11]
Bandgap Ego = 1.206 — 2.73x 107*T, (250K < T < 450K)
. 2
Mobi]ity Hp = Pmin + mee T [l] and [6]
4 Ves. :
1+ 3.3=10 ¢
tmin = 129, fmaz = 461.
0 . l‘ — 1 1 d 6
Lifetime 7w = Fomn T Tans . (1] and [6]
- T . — . :
Tsrh = ;T"’Ze_ !’1 TAug -CA—NE’
Ca=18%10"%cmb/s, 7, = 10us, Nyes = 10'" /cm®.
POLY- Bandgap AE,,.ss model as in monosilicon.
SILICON Narrowing  n is doping level inside grains.
Noly | (Ng—1)igy] ™"
Mobility  hpoty = Wy 2 4 ]
ogo(T) = oeexp [:rEf’-] + o1ezp [—HP-'E ]
o
Hgb = T,’;Tb'
g is mobility in monosilicon.
Eyx > Ep and 09 > 0.
ifeti 1141
Lifetime Ty =7 T . y
Tgs(sec) = 5% 107° x Iy, 7, is lifetime in monosilicon.
Table 1: Minority Carrier Transport Models for Heavily-doped n-type Monosilicon and Polysilicon
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