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Abstract: This paper describes the foundation underlying the device physics and theory of the semiconductor field effect

transistor which is applicable to any devices with two carrier species in an electric field. The importance of the boundary

conditions on the device current-voltage characteristics is discussed. An illustration is given of the transfer DCIV charac-

teristics computed for two boundary conditions,one on clectrical potential,giving much higher drift-limited parabolic cur-

rent through the intrinsic transistor,and the other on the electrochemical potentials,giving much lower injection-over-the-

barrier diffusion-limited current with ideal 60mV per decade exponential subthreshold roll-off, simulating electron and

hole contacts. The two-MOS-gates on thin pure-body silicon ficld-effect transistor is used as examples
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1 Introduction

Electrical conduction in semiconductor devices
contains two currents from two electrical charge car-
rier species, the electrons and the holes, which are
quasi-particles in the one-particle representation of
the energy band model of the many electrons and ions
in a crystalline solid. Most devices are electrical and
operate in externally applied electric fields. We will
exclude the magnetic devices in this report. The theo-
ry of the electrical characteristics or terminal currents
versus terminal voltages of semiconductor devices has
been obtained by simultaneously solving six coupled
differential equations known as the Shockley Equa-

tionst

, usually given in the Cartesian coordinate,
r= (x,y,z). The first of the six Shockley Equations
is the Poisson Equation of the electromagnetic theo-
ry®’,given in (1) below. It relates the divergence of
the electric field, E(r, t) [which is derivable by the
gradient of a scalar potential (Magnetic field is not
included.),E(r,t) = — Vv(r,t),known as the elec-
tric potential v(r,t)] to the net space-charge density
from the mobile electrons and holes, gn (r, t) and

gp(r,t),and the fixed and variable trapped charges,

Article ID. 0253-4177(2008)04-0613-07

qPw (r) — gny(r,t),in the volume and on the surface
of the physical structure of the device or in the inter-
face layer between the device and its surrounding.
The current continuity equations, given by (2), (3),
and (4) below,relate the divergence of the densities
of the electron, hole and trapped electron currents,
JnCrst),je(r,t) and jr(r,t) flowing in the physical
structure and through the surface and interface of the
device. Included are the net generation,or generation
less recombination,of electrons= gn(r,t) — ry(r,t),
holes= gy (r,t) — rp(r, t),and net electron trapping
=rn(rot) —gn(rot) —rp(rot) + gp(r, t)** which
is frequently omitted.
+V e (eE)=prst)=qg(p—n—Py+np)
Poisson Equation (1)
TV e jntqlgy—ry)=qdn/it
Electron Current Continuity Equation (2)
-V e jetqlge—re)=¢qdp/dt
Hole Current Continuity Equation (3)
+V e jrtqglge—re) —qlgn—ry)=qdng/dt
Electron Current Continuity Equation (4)
The remaining two are the electron and hole cur-
rent equations, which show explicitly the origins of
the electrical currents: the current due to drift of the
charged particles from the electrical force arisen from
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the Coulomb Law and the current due to diffusion of
the charged particles in the concentration gradient
due to the statistics from random scattering of the
many particles:
Jx +qu.nE + gD,V n
Electron Drift and Diffusion Currents (5)
—qu.nV vy
Electron Electrochemical Current (5A)
Je =t quypE = gD,V p
Hole Drift and Diffusion Currents (6)
=~ quypVve
Hole Electrochemical Current (6A)
The drift and diffusion currents, (5) and (6),are re-
presented in an alternative form shown in (5A) and
(6A) , which are the gradients of the electron and hole
electrochemical potentials, vy (r,t) and vy (r,t),or

the electrochemical field for electrons and holes, Ex
— V vy and E, = — V vp,and which are just the expo-
nential representations or the Maxwellian-Boltzmann
representations of the clectron and hole concentra-
tions,given by

n(r,t) = nexp{glvr.t) — vwwr, )]/ kg T} (7

p(r,t) = niexp{qlve(r.t) — v, )1/ ksT} (8

These two electrochemical potentials, one for elec-
trons and one for holes, were coined by Shockley in
his 1949 classic,the 64-page invention paper of the bi-
polar junction transistors-- as the quasi-Fermi poten-
tials, which he doubly emphasized as the non-equilib-
rium quasi Fermi levels,since they approach the Fer-
mi level (potential) defined at electrical equilibrium

[ The coefficients and constants

or zero currents
here have the traditional meaning, ¢

charge, ky

electron

Boltzmann constant, (u,s Dyspps Dy) =
electron and hole mobilities and diffusivities, which
are related by the Einstein relationship at thermal
equilibrium, D/u = kyT/q, T = electron and hole
temperatures or lattice temperature at thermal equi-
librium"'. At high electric fields, the near-equilibri-
um Boltzmann representation (or energy distribution)
of the electrons and holes is extended to the Max-
wellian representation in which the T would be the
hot electron temperature T and hot hole temperature
Ty respectively in the two exponential Maxwellian
distributions'"’ .

There are actually a seventh electrical current
cquation and an cighth neutral particle flux equa-
tion® . The seventh is the continuity equation of the
electrical current due to the mobile trapped charges or
the mobile charged traps,by drift and diffusion.in the
same form as the two continuity equations of the elec-
trical currents due to the two mobile charges, elec-
trons and holes. The eighth continuity equation of the

neutral particle flux is due to the mobile neutral traps

(due to impurity atoms and lattice defects,such as va-
cancies) via diffusion from their concentration gradi-
ents. Often we assume the trapped charges or the
charged traps are immobile, i. e. with zero mobility
and diffusivity so j; (r,t) = 0 in (4)®'. But,in a
most important branch of diode-transistor device
physics and engineering and circuit applications, the
charged and neutral traps, which consist of foreign
impurities and lattice defects,can move,although very
slowly in years.
composition of the device which alters the electrical
characteristics. These two continuity equations, the
seventh and eighth, quantify the lifetimes (operating
life and shelf life) of the device and the integrated

But their movements change the

circuits composed of many devices.

2  Boundary Conditions Determine the

Currents

For a given device, such as the two-terminal di-
odes (p/n, metal/semiconductor or m/s, and metal/
oxide/semiconductor or m/o/s or MOS). and the
three- or four-terminal transistors,the electrical char-
acteristics (such as currents flowing into the device
terminals as a function of the voltages applied to the
terminals) are completely determined by the values of
three variables at the boundaries of the device. In the
traditional representation of the model, these three
variables are the electron and hole concentrations,
n(r,t) and p(r,t) and the electric field E(r,t) =
— Vv(r,t) or the electric potential v (r,t). This is
the preference of the chemists, because measurements
of concentrations are routine to them. Electrical en-
gineers are more familiar with potentials, in concept
and in measurement capabilities. This electrical engi-
neers’ model, given by (5A) and (6A) ,using the two
electrochemical potentials to represent the electron
and hole concentrations, had been used extensively by
Shockley when he introduced the quasi-Fermi poten-
tial concept in his 1949 invention of the p/n junction

transistor [+

,and by the subsequent transistor engi-
neers to design diode-transistor devices for integrated
circuits and by students and teachers to learn tran-
sistor physics. These three electrical engineers’ varia-
bles are the three potentials: the electric potential
v(r,t) and the clectrochemical potentials for elec-
trons and holes, vy (r,t) and vp(r,1).

We shall now give some examples on how the
boundary conditions or the boundary values of these
three potentials can affect the D.C. steady-state cur-
rent-voltage (DCIV) characteristics of the 2-MOS-
Gate on thin pure-Base silicon field-effect transistor,
known as the FinFET'*'*.
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To ease referencing, we list below the FinFET
DCIV equations which were derived from the three
cquations of the six Shockley equations for the gener-
ation-recombination-trapping-free D. C. steady-state
condition. Their derivations were given in the pre-
ceding article of this series, CJS11, which appeared in
the last month issue'®’. The two-dimensional (2-D)
terms from the longitudinal gradient of the longitudi-
nal electric field (longitudinal electrical-field gradient
or LEG) are excluded so this illustration is for long
transistor with the channel physical length L much
larger than the Debye length Ly since the LEG terms
are scaled by (L,/L)* where Ly = [es kg T/qg(n +
p) ]V, first recognized and extensively illustrated by
Shockley in 1949 as the crucial device parameter* ,is
about Lp~ 25pm in pure silicon where n = p =n; =
1.33%X10"cm™ at T = 300K. So.for pure-silicon de-
vices,the device is always small and multi-dimensional
unless its dimensions are much larger than the pure
Debye length of ~25pm. But for impure silicon, say
10%cm ™ * so n=ni/p=(1.33)* X10*,

P = Pwpuriry =

(OU/(?X)Z :FZ(Ua Up,Ux,Uy)

= +exp(U—Uy) —exp(Uy, — Uy) +exp(Up — U) —exp(Upy — Uy)

UGS_ Uszsign(US - U()) X <CD/CO) X ((’)U/()X)s

Integration of U is from U= U, to U= Us(x = x/2 to xz) and Y,from Y=0to Y=1.

In =+ qDyni(W/L) Ly (2Uy /2 Y)exp( - UN)J[cxp(+ UNayU/F(UUp.Ux U] % 2
- anni(W/L)LDJ‘ayUNexp(— UN)J[exp(Jr UaxU/F(U.Up,Ux U] X 2

Io =+ gDy, (W/L) Lo (QUp/3 Y )exp(+ UP)J.[exp(— UNaxU/F(UUp. Uy U] % 2
- quni(W/L)LDjayUpexp(+ UP)J[eXp(— UNayU/F(UUp. Uy U] % 2

In =+ qDyni (W/L)[ Ly/(Y)] JayUNexp<— UN>J[exp(+ UNayU/F(UUp.Ux U] % 2

I, =+ qD,yn;(W/L)[Ly/(1 - Y)]JﬁyUpexp(Jr UP)J[exp(+ UDaxU/F(U,Up,UxU)] X 2

the Debye length is reduced to ~ 25pm X (10'/
10¥)Y% ~ 2. 5nm, making the 2D effects in state-of-
the-art or next generation 25nm transistors not impor-
tant, if built on heavily-impurity-doped silicon base-
body. The effects on the DCIV characteristics from
the neglected longitudinal electric field gradient,
LEG,will be described in a later report in this series.
The DCIV equations for the FinFET listed below are
copied from [ 2], retaining the equation numbers of
[2] but with the 2-D and impurity terms omitted.
(For these omitted terms, please compare the follow-
ing with the original Equations (57) to (70) in [2].)
The coordinates are normalized: X = x/L from x =0
or X =0 to the thickness of the base-body silicon
film,x =xgor X=Xg; Y=y/L from Y=0to Y, to
1,where Y, is the internal flatband boundary which is
the electrical boundary that divides the physical
length of the base-body silicon film of length L or Y
=y/L=L/L =1 into two electrical sections of elec-
trical lengths Y, and 1 - Y.

(57)
(Valid for all Y.) (The Voltage Equation.) (58)
(59)

(Valid for all Y.)  (The Thickness Equation) (60)
(61)
(62)
(63)
(64)
(65)

(66)

(_);()/XB) - ((’)UNO/(’}y) . eXp(U() - UN())/J(;)UN/;))})‘:)YJ[GXP(U - UN>(7X] X 2

(L - y())/xB

(x = 0= x/2;y = 0— y,) (67)

(QUxo/3y) » exp(U, — Uxy) /J(OUN/Oy)OyJ[exp(U — Uy)dx] X2

(x = 00— xp/2;y = y, > L) (68)

(L= y)/xp = QUp/dy) « exp(Up — Uy)/ J(aUp/ay)ayJ[exp(Up - U)ax] X2

(x = 0—>xp/2;y = y, > L) (69)

o/ x0) = QUn/ay) = exp(Un = U/ | @U /23203 [exp(Uy = Uax] x 2

There are three potential variables, Ux ( Y),
Up(Y) and U(X, Y) with their two internal values
at the two SiO,/Si interfaces, x =0 and x = xp,and at

(x = 0—=>x5/2;y = 0>y, ) (7T0)
the mid-base minimum or maximum, respectively giv-
enby U(X=0,Y)=U(X=Xy,Y)=Us(Y) and
U(X=Xy/2,Y) = U, (Y). To obtain the electron
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and hole channel currents from (61) to (64),we need
to relate the three of the four potentials to the
fourth,the Y integration potential. For example, to
compute the electron surface and volume channel cur-
rent, Iy, using the differential equation (61) with a
single integration in X or JdxU for the electron
charge, O ,or using the integral equation (62),which
is the solution of the differential equation (61) with
two integrations,in X or dxU (X, Y) then in Y or
dyUn(Y).we need to relate Us(Y),U,(Y) and U,
(Y) to Ux(Y). We have two internal equations, the
Voltage Equation given by (58) and the Thickness E-
quation given by (60). We need a third equation, to
relate Up(Y) to Ux(Y). It has been arbitrarily set
without a device physics basis in all previous work.
For our newly discovered bipolar nature of all FETs,
this third equation or relation to relate Uy to Uy in
order to compute the electron channel current in the
Bipolar FET,is obtained from the hole current equa-
tions,either (63) or (64),and the implicit coupling of
the electrons with the holes is through the space-
charge density of the Poisson Equation. So, this is a
recursive iteration exercise by successive numerical
approximation within each recursive iteration cycle
and by repeating the cycle (so named recursive,if not
in conflict with another usage) until a specified con-
vergence is reached, for example, the electron and
hole currents, Iy and Ip,no longer change more than
a user specified percentage from the previous recur-
sive iteration cycle to the present recursive iteration
cycle. The obvious starting point is the unipolar solu-
tion,that is,for Iy let P =0,and for I, let N =0, be-
cause there is enough equations,i.e¢. ,the Voltage and
Thickness Equations, (58) and (60) ,for the three var-
iables, the electric and electron-electrochemical po-
tentials, Us(Y),U,(Y),and Ux(Y),at any Y in the
internal channel and at its two boundaries at Y =0

and Y =1. For convenience and on account of device
physics,we have called it in our CJSO5 report''"’ the
0™ cycle or the initial guesses or guess of the recursive
iteration algorithms. However, these initial solutions
based on N =0 or P =0,correctly called the Unipolar
solutions,are not strictly the correct initial solutions
of the problem formulated in the three potentials, but
rather they are those for the Drift and Diffusion for-
mulation. The senior author also recognized the two
obvious algorithms or routes to carry out the recursive
iteration solution and we coined them the cross-linked
double-string algorithm and the zig-zag single-string
algorithm'"'. The final and converged numerical
DCIV characteristics from the two algorithms should
be identical if the stop criterion is set to a high degree
of accuracy.

In addition,the internal boundary of the two-sec-
tion model, first defined by the first author, in his
1991 — 1993 textbook to teach junior students in the
device core course,0<C Y, <1, can be computed from
the four equations, (67) to (70), all should give the
same numerical result when the user-defined conver-
gence is reached and if the convergence criterion is set
at a sufficiently high accuracy. This internal bounda-
ry.defined by Y, ,is necessary to compute the DCIV
characteristics in the current saturate range when the
field-effect transistor is electrically divided into two
sections with electrical lengths of y, and L — y,,
where y, or Y, = y,/L is the flatband boundary in-

[ as the

side the transistor, which are called by us
emitter section and collector section, just like those in
the Bipolar Junction Transistor coined by Shockley in
19491, This electrical division is also important to
compute the presently omitted 2-D LEG effects on
the DCIV characteristics, which was not recognized
by device modeling engineers, although the two sec-
tion model was a prominent feature introduced and
exhaustively described, based on device physics, by
Shockley in his 1952 invention article on the Junction-
Gate Field-Effect Transistor (JGFET) which has two
identical n/p junction gates and a p-type volume
channel® and which was analyzed with high-power
exotic analytical mathematics by Prim and Shockley
in 1953 as an introductory exercise by the young Prim
to learn the analytical mathematical solution of tran-
sistors'” in the pre-desktop computer era,without the
canned numerical computer programs as device simu-
lators of today, which has replaced the physics-based
analytical solutions,removing the incentive of the ed-
ucation to recent students,teachers and practicing en-
gineers on understanding fundamental diode-tran-
sistor device physics.

The DCIV curves are highly dependent on the Y
boundary conditions set by the user for the four varia-
bles Us(Y), Uy, (Y),Ux(Y) and Up(Y) at the two
ends of the transistor’s thin base, Y =0 at the source
and Y =1 at the drain. Two cases are described below
to illustrate.

The least restrictive case is the boundary condi-
tion of Uy(Y=0)=Ugx =0and Uy(Y=1) = Upz =0
with Ugs=0 for the electron channel current, Iy .and
the corresponding bias configuration or boundary
condition of Uy (Y =0) = Usp<<0 and U, (Y =1) =
Ups = 0, with Ugp<<0 for the hole channel current,
I». In this case, source and drain electric potential
boundary contacts are the two end points located at
the mid-plane of the thin silicon base-body,the source
point at (x = x5/2,y =0) and the drain point at (x =
xs/2,y= L) of the “intrinsic” transistor. “Intrinsic”
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means the geometry definition of the ideal transistor
structure, excluding the fringe fields at the corners.
They are exactly the boundary points assumed in sol-
ving the y-independent Poisson equation so there is no
physical reality conflict. Since Unx(Y) and U,(Y) are
not specified in the base-body volume and at the
boundaries, Y =0 and Y =1, the electron and hole
currents, Iy and [Ip, and the magnitude and spatial
variations of their concentrations, P and N, are not
restricted and are set only by the voltage applied to
the two boundary points, labeled Source and Drain.
Since the boundary conditions are imposed on the e-
lectric potential, U (x,y),that controls the drift cur-
rent,and not the electrochemical potentials of elec-
trons and holes, that controls the diffusion currents,
the channel currents are mobile carrier concentration
limited drift currents,and the concentration gradient
limited diffusion currents are negligible. So,the elec-
tron and hole currents would be higher than those
from another set of boundary conditions imposed on
Unx(Y) and U, (Y),that would bring out the diffu-
sion limitation, such as those computed by us for the
bipolar theory of the MOS field effect transistor using
the electrochemical potential approach™® with the
boundary conditions of Uy(Y =0) = Uy =0 and Uy
(Y=1)=Ups=0,and gate voltage of Uss=0 for the
electron channel current Iy;and Up(Y =0) = Ugp <0
and Up(Y =1) = Upg = 0,and gate voltage of Ugs<<0
for the hole channel current /. These boundary con-
ditions on Uy (Y) and Up(Y) at Y=0and Y =1,
correspond to electron and hole contacts, which would
then limit the electron and hole currents and also the
spatial variations of the electron and hole concentra-
tions by the current-voltage characteristics of the con-
tacts, whose physical structures,such as the p* /i,n" /i
and m/i diodes, are excluded from the intrinsic tran-
sistor. Even more restricted conditions on Uy (Y)
and U, (Y) have been imposed by others'*, not just
at the boundaries, but also in the interior or the base-
body,which are out of reach and physically unrealiz-
able.

Numerical illustration to compare the transfer
DCIV, Iy and I, versus Vgs,at Vps= +0.5V is given
in Fig. 1, for the two different boundary conditions:
(BC-1) BC-Ujof Ug(Y=0)=Ug=0and Uy(Y =
1)=Up=0,Ux(Y) and U, (Y) are not restricted;
and (BC-2) consisting of BC-Uy of Ux(Y =0) =0
and Un(Y =1) = Upsg=0 with Ugs=0,and BC-U,; of
Up(Y=0)=Ugxp<0and Up(Y =1) = Upg =0 with
Ugp and Ugy<<0. The (BC-2) curves show the con-
tact controlled DCIV characteristics with lower sur-
face channel currents in both the large drift-domina-
ted “inversion” current range and the small diffusion-

10° T . . .
F xo=1.5nm Vps=0-5V
r xB:3Onm VSB:OV 7]
107
10° F 1
/ 2
0o b Y 3. 1 BC-U,
_ L 4.1,BC-U, 70052
< 40.04 <
< 107 e
~ 2
= 1003 4>
-15 3 B
10 J0.02
4 0.01
10718
40.00
107"} 4 ]
10—24 1 1 1 1
-1.0 -05 0.0 0.5 1.0 1.5 2.0
Gate Voltage V., (V)
Fig.1  Transfer DCIV characteristics for the two different

boundary conditions shown in the figure.

dominated subthreshold range of the classical 60mV
per decade decrease, which is limited by the electron
contact n” /i for Iy and hole contact p* /i for I, when
the Uy and U, values at the boundaries are specified
by the user. The (BC-1) curves show much higher
currents since the electrons and holes are not limited
by boundary or contact conditions, resulting in the
dominance of the space-charge-limited drift current
that is power-law (parabolic) dependence on the gate
voltage. The very abrupt cutoff,is an artifact from
graphing on the semi-log scale of an ohmic or linear,
or a power-law ( parabolic) single-carrier mobile
space-charge-limited I-V characteristics. The DCIV
characteristics covering extended range of parameters

are reported in the following article™"’.

3  Summary

The fundamental basis of the bipolar solutions of
the bipolar MOS field effect transistor is reviewed to
help show the importance of boundary conditions of
the electric and electrochemical potentials on the
DCIV characteristics of the transistor. The electron
and hole surface channel currents are not limited by
diffusion from concentration gradient,only drift from
electric field when the boundary conditions are ap-
plied only to the electric potential. When the bounda-
ry values are imposed on the electrochemical poten-
tials, the currents are limited by the assumed electron
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or hole contact types to the source and drain,such as
the diffusion-limited over-the-barrier injection-cur-
rent from the n' /i and p' /i contacts, simulated by
imposing the boundary values on Ux(Y) and Up(Y)
at the source Y =0 and drain Y =1 contacts, giving
rise to the 60mV per decade current roll-off from the
classical 1949-Shockley p/n junction diode exp(Upx) .
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