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Measured ionization energies for various impurities in Ge, Si, and GaAs. The levels below the gap centers are
measured from the top of the valence band and are acceptor levels unless indicated by D for donor level. The levels above the
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Theory of Electrical Characterization of Semiconductors

Capacitance-Transient spectroscopy (predecessor of DLTYS)

v Bias

e - .- ——-

s negative enegative
@positive o epositive
- neutral - Oneutral

In DLTS (deep level transient spectroscopy) the capacitance is monitored over time after a sudden
change of bias. The above figures clarify what happens to the capacitance after a switch of bias.
Easiest is it to understand if we remember that the capacitance is directly linked to the depletion
width:

C=Ae/W

So, if for instance for some reason the depletion width increases, the capacitance decreases.
Assume that the device is completely in thermal equilibrium at 0 V bias (left Figure). All the levels,
even the deep ones, have their thermal equilibrium populations and a certain depletion width and
capacitance is attained. (See the section on Calculation of the depletion width if you want to read
again how to find the depletion width via double integration of Poisson's Equation d?V/dx? = p). The
depletion width ¥ is determined by

fj: p(x)d%x = Vi,

The integration is done from x=W to x=0. ¥, is the total band bending or voltage drop, V', = Vi V.

Note that in the above Figures, the charge density is not constant; inside the depletion width there
exists a smaller region where the deep level is below the Fermi level and where the space charge is
larger.

When the voltage is switched to reverse bias many things will happen. A different voltage drop V7,

occurs at the interface. This implies a new depletion width and a new capacitance according to the
above equations. The new equilibrium capacitance takes time to reach. The following things will
happen:

e 1: The free carriers (holes in the valence band) will rapidly move out of the interface region.
The space charge increases.

2: A new, larger, depletion width is reached.

Larger depletion width means smaller capacitance.

Inside the new depletion width the deep level, which cannot respond so fast, is off equilibrium
close to the interface.

3: Charges (holes) are slowly emitted from the deep level to the valence band at a time scale 7.
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These charges are immediately swept away by the electric field.

¢ Because the space charge density increases closer to the interface, less depletion width 1s
needed. (Visualize: the integration of Poisson's Equation reaches V,, a little earlier). W
shrinks.

o If W shrinks, C increases. This then happens at a time scale of the hole emission life time 7.

. To summarize: after a switch of the voltage to reverse
bias we first observe an immediate decrease of the
~ capacitance (1) and after that a slow (partly) recovery
- of the capacitance at time scale T (3). The explicit form
of the time dependence of the capacitance is

C(®) = C,y+ ACexp[-#/1]

- To find the trap activation energy, £__, we can use the

time ‘ pa
e equation for the emission rate e (=1/7) found in the

section Emission and capture of carriers. e, = vT: 20'p q exp(—Epa/kT). If we monitor the characteristic

decay times of the transients as a function of temperature and plot this in the form In(t7 %) vs.
1000/7, the resulting straight line will yield the activation energy.

Note: to truly measure the capacitance of the interface, C;, we must chose a frequency low enough to

be below the cut-off frequency of the bulk, see the section on admittance spectroscopy. For higher
frequencies we would measure only the bulk properties, which have no transient effects.

capacitance transient of minority traps

£V Bias | {0 reverse bias

R R et -

that more readily communicates with the minority-carrier band than with the majority carrier band.
For instance, an electron trap will thermalize with the conduction band rather than the valence band
as described in the previous section. In other words, we have to draw the picture with the minority
quasi Fermi level £, rather than the majority quasi Fermi level EFp. As explained before, the

minority quasi Fermi level moves in the opposite direction compared to the majority quasi Fermi
level.

http://www .ualg.pt/fct/adeec/optoel/theory/
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When the voltage is switched to reverse bias, the following things happen (the differences for
minority carrier traps are indicated in a bold font):

o 1: The free carriers (holes in the valence band) will rapidly move out of the interface region.
The space charge increases.

* 2: A new, larger, depletion width is reached.

o Larger depletion width means smaller capacitance.

o Inside the new depletion width the deep level, which cannot respond so fast, is off equilibrium
close to the interface.

 3: Charges (electrons) are slowly emitted from the deep level to the conduction band at a
time scale 7. These charges are immediately swept away by the electric field.

 Because the space charge density decreases closer to the interface, more depletion width is
needed. (Visualize: the integration of Poisson's Equation reaches Vi alittle later). W

increases.
¢ If Wincreases, C decreases. This then happens at a time scale of the hole emission life time 7.

~ To summarize: after a switch of the voltage to reverse
. bias we first observe an immediate decrease of the
. capacitance (1) and after that a slow further decrease of
~ the capacitance at time scale 1 (3). This is very similar
. to majority carrier traps, but the sign of the transient is
~ reversed; AC is positive here. We can still determine
~ the trap activation energy by monitoring the
- characteristic transient decay time t as a function of
time ' temperature.

As an example the following graph of energy levels in MEH-PPV on silicon substrates as determined
by capacitance-transient spectroscopy (taken from P. Stallinga et al., Synthetic Metals 1999; see
reference list). The blue dots are majority-carrier traps with upward-trend transients and the red dots
are minority-carrier traps with downward-trend transients. The size of a dot represents the transient
amplitude (in the right panel it is multiplied by 5 for better visibility). The plot reveals several trap
levels and shows the result of the first successful capacitance transient experiment in MEH-PPV.

capacitance
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DLTS (deep level transient spectroscopy!)

Historical background

Deep level transient spectroscopy is probably the most used technique in the electrical
characterization of semiconductors. This is based on the fact that it is fast, cheap in terms of
equipment, and very sensitive. Commercially sold set ups exist in abundance.

The inventor of DLTS is D.V. Lang who wrote an article how to analyze capacitance transients in a
systematic way B8], at that time enabled by the advent of modern computers with their data-
crunching and experiment-steering powers. Looking back at it now, it can be said that "it was time"
for such a technique to be invented. Lang did it and is now one of the most cited people in literature.
His first article in the Journal of Applied Physics is still the best source for understanding the
technique. Most things are described very elegantly there. I will do my best to describe it here.
When the computers became more powerful more modemn versions of DLTS were invented that use
more of the data and use more and more-complicated calculations. The result is an increased
resolution and sensitivity. The Laplace-DLTS technique is a good example. This uses the entire
transient in a Laplace transformation to yield a much higher resolution. Obviously, for this a lot more
calculating power is needed.

Basic principles
How DLTS works is the following. Capacitance-transients are recorded in the same way as described
above. The device is placed in the emptying voltage Vi, and the system is allowed to reach thermal

equilibrium. For a short time the device is placed under the filling voltage V. In this times the traps
will fill with charges. When the voltage is switched back to Vi a transient is observed as described in
the previous sections. From this transient two samples are taken at times t, and ¢, after switching the
bias. The DLTS spectrum is now the difference in capacitance at these two times as a function of

temperature:
8(D) =Ct) —C(t)

This means (substituting the explicit form of the transient, see the section on capacitance-transient
spectroscopy)

S(7) = [exp(-t,/1) — exp(~t,/1)]
The maximum of this signal occurs when the relaxation time t reaches the value T,ax Which can be

found by differentiating S(7) with respect to T
Toax = (1) / [In(t,/1))]

The explicit temperature dependence of 1 is (see section on emission rates)

2
Uy =t~ exp(Epa/kT)
From this it is clear that the temperature at which the maximum DLTS signal occurs does not reveal
the activation energy directly, unless T, is known. If not, at least two measurements have to be made

with different time windows (¢, t,) and the two points (7, , T . ) entered into the above equation

ax’

will yield the trap activation energy Epa.

Parameters of DLTS are:

¢ Repetition rate: how many times per second a transient is recorded. The time between two
transients should be long enough to ensure that the system is in thermal equilibrium.
o Time window: The values of the sampling-point times t, and t,.

» Filling voltage Vi and emptying voltage V..
http://www.ualg.pt/fct/adeec/optoel/theory/
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« Filling time: how long the device is placed in the filling voltage V', before switching back to
reverse voltage V.

t1 12

{

C(tp) - C(t2)

capacitance

30 -‘. SRR % -.\ R -..- X 5 3 \
Temperature

Ré&ulting DLITS signal for majority tfaps (down)
and minority traps (up)

Capacitance transients at several temperatures

Example

The Figures show a simulation of DLTS. The left figure shows simulations of transients caused by a
0.2 eV deep majority carrier trap for various temperatures (44 K to 52 K in 2 K steps). For the lowest
temperatures the transients are very slow (bottom trace) and the difference between the capacitance
at ¢, and at £, is small, hence the DLTS signal S(7) is very small. When the temperature is increased

the transients become faster and the DLTS signal increases. Note that the signal has negative sign;
for majority carrier traps, the transient has an upward trend and therefore C(¢,) is smaller than C(z,).

When the temperature is further increased, the transients become so fast that they already died out
before the time window (#,-#,) and the DLTS signal has vanished again. The figure on the right

summarizes this for the majority carrier trap (red dots; lower trace). In the same figure a comparison
is given with a minority carrier trap (blue dots; upper trace) whose DLTS signal has the opposite sign
because the related transients have downward trends. Also, in this simulation the minority-carrier
trap is chosen to be a little more shallow (0.16 eV). Assuming that the pre-factor 1, is identical (1.3

10718 s in both cases) it means that the peak has shifted towards lower temperatures.

Comments 7
The advantage of this scheme is that it can be done completely automatically with a minimum of
data processing. The disadvantage is that of the entire transient only two points are used; most of the
data are thrown away and the duty cycle of the measurement is very low. In Laplace DLTS the duty
cycle is much higher because the entire transient is used in a Laplace transformation. The cost is a
more elaborate calculation; only modern computers can be used.
In reality, DLTS is more often used not to determine the trap activation energies but more to show
the presence of certain impurities through their fingerprint spectra and to determine their densities
through the intensity of the DLTS spectra and through the underlying amplitude of the transients.
This is based on the fact that the amplitude of the transient is linearly proportional to the density of
the deep defect relative to the density of the dopant (assuming that this ratio is small).
ACIC=N/2(Ny—Np)

1: To be precise, the word spectroscopy is misplaced, because in a spectroscopy experiment an experimental value is monitored while the frequency is scanned;
a spectrum is the visualization of an observable as a function of frequency. In DLTS no frequency is scanned, so the name is slightly inadequate. In DLTS
(normalty) the temperature is scanned and the DLTS-signal intensity is plotted. The end plot resembles a spectrum in that it shows peaks and thatitis a

“fingerprint” of the defect in the material. It would have been better if "scanning” was used for the S in the acronym DLTS.

http://www.ualg.pt/fct/adeec/optoel/theory/
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TSC (Thermally Stimulated Current)

With temperature stimulated current experiments trap level depths and concentrations can be found.
The underlying idea is that the current that is needed for restoring thermal equilibrium can be
monitored. In practice this means that the sample is cooled down and the thermal equilibrium is
disturbed in one way or another. This can be done either by applying a strong bias (forward or
reverse, while cooling or afterwards) or by illumination. At low temperatures, the relaxation time of
the sample is so large that it cannot relax back to its ground state. When the sample is warmed up,
the charge emission rates become appreciable. The emitted carriers flow out of the interface region
and combine into a minute, but observable, external current, to so-called TSC. When the temperature
is further increased, the emission rates become very fast and the current increases. When thermal
equilibrium is reached again, the charges are no longer emitted from the traps and the related current
drops back to zero.

bias at room temperature, b) The device is placed in forward bias to fill all the traps. ¢) The sample is
cooled down and the bias is removed; all the traps are still frozen out. The dotted circles show the
place where the traps are off-equilibrium. (In this simple picture, the Fermi level is considered to be
independent of temperature; the shallow acceptors are not frozen out yet). d) The temperature is
increased and at a certain temperature the charges (holes) are emitted from the traps. These charges
are rapidly pulled out of the depletion zone and a current is monitored This continues until all the
traps (within a certain region indicated by the dotted circles) are emptied.

From TSC, the activation energy of the trap can be determined in the following way (p-type

http://www.ualg.pt/fct/adeec/optoel/theory/
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material):
In the depletion zone, there are no free carriers and the capture of carriers does not take place. Holes
are emitted from the traps at a rate e and the number of filled traps n, therefore changes with a speed

dn /dt= —e Eq.1

If we assume that all the charges that are emitted immediately drift towards the bulk, without being
recaptured, all contribute to the current:

J= ey

When we make a temperature scan of this current, one important parameter is the temperature at
which the maximum of the current occurs. At this place, the derivative of the current, dJ//dT=0.
According to the above equation, the derivative of the current is equal to

dJ/dT=n, (dep/dT) te, (dn/dT) Eq.3
Note that

dn, / dT = (dn/di)(dv/dT) = —epnt/B
where Equation 1 was used and the scanning rate B=d#/d T was defined. This can be put into Equation
3 and to find the maximum, the result should be set to zero.
n, (de fdT—e */B)=0

One trivial solution is #,=0. This occurs at the end of the scan, when thermal equilibrium is restored.
The other temperature, 7, can be found by substituting the emission rate found before (see the
section on emission rates), resulting in

(OYT, */B) exp(-E/kT,)) = 2T, + Efk)
For kT <<E,

In(T, 4/B) = E /KT, + In(E /oYk)

To determine the trap activation energy E, a set of scans should be made with different scanning
speeds B. Each time the temperature 7, at which maximum current occurs is noted and the slope of a

plot of ln(Tm4/B) vs.1/T is then proportional to E_/k.

The activation energy can also be found directly from a single TSC scan. A peak in a TSC scan
follows the equation

A exp(®)
I'= 212
[1+Bexp(-0)0 “]
with 4 and B parameters depending on the properties of the carriers and the trap and the scanning
rate B, and © = E,/kT (see Karg et al., 1999 E#H). 4 is independent of scanning rate, while B~ 1/.

The interdependence of the parameters makes the fitting very difficult, though.

In either case, the integrated current over time reveals the number of defects emptying their charge

and this can then be related to the defect density if we know the dimensions (depletion width *and
electrode area A) of the active region.

N, =(1/eW4) f 1d¢

The figure shows an example of a TSC
measurement with parameters: E . 0.5318 ¢V,
A= —0.269 A, B =949 1012 (B=Ix), 4.74 101?

(B=2x), 2.37 10'2 (B—4x). Note that the
integrated curve (over time!) is equal in all
three cases. The biggest curve looks larger, but
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it is scanned at higher speed. 0
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*
We make here the assumption that all defects in the depletion width release their charge in a TSC experiment. More precise would be to use a value AW/
instead of W, where AW is the part of the depletion width where the deep level is forced above the Fermi level with the bias (and is below is without the bias!),

see the figures a and b in the beginning of this section.
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MIS junction

To understand how an FET (of the MOSFET type) works, we first have to analyze what a MIS
structure is.

In a simple approximation, a MOSFET is a planar device of semiconducting material whose free
carrier concentration », and hence it conductivity (via g = u 1) is controlled by the gate.

The first figure shows an energy diagram of an MIS device. The device consists of a metal and a
semiconductor separated by an insulator. Here we assume that the insulator is not conducting any
current.

Standard textbooks start with an ideal MIS device, which means that the Fermi levels in the metal
and the semiconductor are aligned even before contact. In other words, the work functions of the

metal and of the semiconductor are equal, b =%+ E-—E. This implies that we have no band

bending in the absence of external voltages. Remember the Schottky barrier, where charge was
flowing from one side to the other due to the misalignement of the Fermi levels. In the ideal MIS
junction such a flow of charge is not needed (which saves us the trouble of explaining how it can
pass through the oxide :-)

¢,, : the metal workfunction. How much it costs to

take an electron from the top of the sea of electrons
in the metal to vacuum. The "workfunction" of the

semiconductor can be defined as y + E—E 7

1-———————-————

¢y, - (not shown, beause it doesn't enter into the

calculations): the barrier height of the oxide as seen
from the metal; the difference between the
“conduction band" of the oxide and the Fermi level
of the metal..

% : the electron affinity of the semiconductor. The
energy it takes to take an electron from the
conduction band to the vacuum level.

E . : energy gap of the semiconductor.

Q¥m

¥y : the energy from the midgap level to the Fermi

metal Semicon level. This is approximately equal to E-2

E.. bottom of conduction band.
E,, : top of valence band.

The following strip explains what happens when we connect an
external voltage to the metal (gate). For that we use the legenda as
shown here on the right.

Note that the (horizontal) SCALE of the pictures is changing. Just
like in Schottky barriers, the depletion width depends on the
voltage. Here the depletion width is shown as constant.

http://www.ualg.pt/fct/adeec/optoel/fet/ P. Stallinga
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strong accumulation
accumulation
normal (bulk)
depletion

inversion

strong inversion

. filled band

a) Depletion When a small (positive) voltage is connected to the metal (gate),
free holes are pushed out of the interface region and a band
bending results on the other side of the insulator. This is the
same effect as seen in a Schottky barrier. Free carriers (holes)
flow out of the interface region and a depletion zone is formed.
~-z=r=-Z=7-=~. The uncompensated (negatively) ionized acceptors cause an
electric field and - via Poissons equation - a parabolic bending of
the bands.
Note that there is also a voltage drop in the oxide. In the oxide no
charges can reside and hence the field is constant and the voltage
drop is linear in space. The total voltage drop in the oxide plus
the band bending is equal to the external voltage.

b) Inversion When the voltage is further increased, at the interface an
inversion region is created. The semiconductor becomes here n-
type, albeit not very conductive, yet.

—"_"—-——_

- —— -

el e e m we - o

For very strong bias, the Fermi level crosses the conduction band
close to the interface. This is strong inversion. Free electrons
are in a so-called "channel” next to the oxide. This channel is
therefore highly conductive.

The ample availability of states in the conduction band means
that further increases in the gate voltage will not extend this
strong inversion region into space, but rather will increase the
density of electrons in the channels. The channel is always
infinitisimally thin. The huge amounts of free carriers can easily
cause a large voltage drop (band bending) and only a thin layer is
needed to "absorb" the external voltage.

d) Accumulation Going in the other direction, a negative voltage at the gate metal
will attract some free holes to the interface. In this accumulation
region, an increased number of free holes is created, although it
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is not yet dramatic; the interface is still high-ohmic.

-
i dE I N A —

For stronger negative voltages at the gate the Fermi level is
forced below the valence band at the interface. A channel with
high density free holes is created. This is called strong
acummulation.

Again, as for the strong inversion case, further increasing the
voltage will result in an increase of the density of the free holes
rather than an increase of the channel in space. In the picture the
~~eew--.. width of the channel is exaggerated. In reality it is only a

— — T T 7 " monolayer thick.

To complete the story, in strong inversion we have the following distribution of space charge and
free carriers:

) P

>

O

i

Q

8 X— ionized Ny

O

Q. free elections

75

% fiee holes
= from NA

]

Q i
et free elections :

The MIS junction is an ideal device for studying interface states and deep levels using the same
techniques as demonstrated for the Schottky barrier. The advantage lies in the fact that there is no
DC current which might obscure our measurements.

Capacitance of an MIS junction:

The device can consist of several regions in series, each with it's own capcitance. The capacitance of
the metal and of any part of the semiconductor with free carriers is zero. For the other two parts of
the device, the insulator and the depletion region we can calculate:
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Cox = 8OX / d
Cp=te /W
The total capacitance is caluclated by taking the serial sum of the capacitances:
C.xCy
depletion: O —— accumulation: C =C
Cox + CW

It s easy to see that the maximum capacitance is equal to the oxide capcitance and occurs for
accumulation and strong inversion. In the latter case, the width of the zone with depletion can be so
small that the it's capacitance is infinite and the total capacitance reduces to C,. SeeFig. 7onp. 371

of Sze.

Field Effect Transistor (FET)

< » Directions:
7 x: from oxide to surface of film

Au

semiconductor - from source to drain
& sio z: along an electrode
B

Z: electrode width
L: electrode distance
d: oxide thickness

An FET is nothing more than an MIS device with electrodes connected on two lateral sides of the
semiconductor. Imagine connecting an electrode above and one below the images above. The first
one we will call the source, the latter the drain.

The total current through this device is then linearly proportional to the number of free
carriers in the semiconductor. The other parameters are the mobility p, the external electrical field
E . and the device dimensions Z and L:

Ins =ZQWE,=Z0IuV/L (1)
with I, the total current, u the mobility of the carriers, Vy the external voltage (is equal to V. s Z

the width of an electrode, L the distance from source to drain, and |Q)] the amount of fiee charge in a

line perpendicular to the oxide surface (along x) in C/m?. This is equal to integrating the electron and
hole density (ignoring the sign) from the edge of the oxide to infinity (or to the limits of the
semiconductor film), see the figure with free carriers above.

In case we have substantial contributions from both electrons and holes, and they have different

mobilities, we have to replace the part |Q|i with (|Qp|up +0, 1),

We will see that this can explain the linear region of an FET. To calculate the IV curves in the linear
region, we only have to calculate the number of free carriers. For the saturation region the equations
are a little different, as will be shown later.

Linear region

As a first order we can say that we only have free carriers when we are in strong inversion or strong
accumulation. As can be seen from the strip of figures above, we need to supply a certain voltage to
the gate to induce either strong inversion or strong accumulation. This is the so-called threshold
voltage V.. This doesn't mean that we don't have free carriers and conduction below this threshold
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voltage, but that the conduction beyond this voltage is much larger.

Under the assumption that all the free carriers come from charges in the strong accumulation or
depletion zone, it is very easy to calculate the amount of charge on the semiconductor side and hence
the current. In the section above we have seen that the capacitance of an MIS junction under these
conditions is equal to the oxide capcitance, C .- Assuming no other capacitances, all the charges go

to the interface and therefore, since C=Q/Vwefind 0 = C ox V- As written above, we need V. to
bring it into strong accumulation or depletion, therefore ) = C,. Vs =Vp). With this in mind, and

with the idea that the conduction is proportional to the charge as seen in equation I the current in the
linear region becomes

DS ox ( G T) HY ps
Va=iay — Yys =18V
F P tpaaator
Vg =dY V=9V
/ You oV
Vg efY
Vs =7V
Vg=1¥ VosEV
lDS Yo=6¥ ]DS A Yps=35Y
Vous¥ Vs =4y
Vo w3V
Vo=4V
Vi =2V
///_’__,..’-—*‘,.-—-ﬂ—"‘—'—* Ve 23§ Yoy =iV
V=02V Yns=0Y¥

Vs 3
Lxamples of IV curves (I, vs. Vg left) for different gate voltages and transfer curves (I ps VS Ve

right) for different drain-source voltages. Ve=2V.

Remember that we arrived at this by the assumption that all the free carriers are located in the strong
inversion or accumulation zone close to the interface and that the rest of the device is not conducting.
Especially in materials with bulk Fermi levels close to the band edges, the background conductivity
(the "off current") can be very large. In principle, the purer the material, the closer the Fermi level
will be to mid gap and the less off-current we will have. Making the films thinner also helps.

Threshold voltage

Following the above discussion and the MIS strip of figures, it is clear that the band bending cannot
be larger than the bandgap before either strong accumulation or strong inversion occurs. In other
words, at the onset of strong inversion, the band bending Vi 1s exactly equal to the difference

between the conduction band and the Fermi level, E—E.y. The depletion width is then (see section on
Schottky barrier) W = (2¢ ol N A)U 2. The electrical field at the interface is the integral of the space
charge inside this depletion region: E e = (@GN Je )W =(gN 2V ! ss)l/ 2

Maxwell's equations tells us that, in the absence of any charge, the displacement D (=gE) is
continous accross the interface. On the semiconductor side of the junction we have D =g (gN2V,,/
ss)l/ 2. In the oxide we therefore have an electrical field of E = (/e Nge N 2V, b)” 2 This field is
constant inside the oxide because there are no net charges there. We therefore have an extra voltage
drop of AV = d, E = d,/e, Nge N 2V, b)ll 2 accross the oxide. The total external voltage then

becomes (d, /e, (GEN 12V ) "> + V., = ¥y With V,, equal to (. ~E ) this becomes

1
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VT - (dax/eox)[zqgsNA (EC_EE) ]1/2 * (EC~ “F )/ i

Remember that C= €,/4,,» and, in normal cases, the Fermi level is very close to the valence band,

so that £~ —[-, = F, which we can call 2y 9 With this in mind, the above equation becomes the
following text book equation for an n-type inversion channel:

ox = SOMF/m?, B =25 eV (yyy = 1.25 V), &, = 5,05 we
get V=119 V+2.5V =144V, since the first term in the equation comes from the oxide and the

As an example: for N, = 1x101¢ cm“3, C

second term comes from the semiconductor we can see that most of the external voltage (83%) is
absorbed by the oxide (remarkably).

The Fermi level, of course, also depends on the acceptor concentration, so in total we get a complex
dependence on N ;. In textbooks, it is assumed that all acceptors are ionized. In fact, for organic

materials, where the acceptor level can be very deep (but abundant) this is not necessarily the case.
In fact, we should read N 4 @s "lonized levels" and this can be a fraction of the real number of

acceptors, unlike in classical materials such as Si and GaAs. Moreover, the fraction of levels ionized
can be changed by changing the band bending (by applying a gate voltage) and thus, the threshold
voltage can change when putting the device in operation. Depending on the depth of the levels, these
changes can be in the order of seconds, to minutes and hours and even days.

Note that high levels of current have no effect on this trapping of charges, since they do not attribute
to a different band bending or extra charges in the interface.

Note that for an accumulation type FET this calculation does not work because we do not have a
space-charge region caused by ionized acceptor levels; V. 7 does then not depend on N, but only on

the Fermi level and the number of valence band states.

Subthreshold region
r"

The substreshold currents are controlled by the barriers we have at
|_—————— the source and at the drain. When the channel opens, the barrier at
the source disappears, as we have seen before, while the barrier at
the drain is only a barrier for holes and not for our electrons. In
7z fact, before threshold voltage, the device resembles an npn bipolar
~ transistor (with floating base, E=S and C=D) and we

Saturation

If we increase the drain-source voltage eventually we will go into saturation where the current
becomes independent of the drain-source voltage It is very easy to understand why this should
happen. Imagine an FET with a threshold voltage of Vr=1V. We will apply a gate voltage well

beyond this value, let's say 10 V. The channel is therefore open. For low drain-source voltages, both
the drain and the source and hence the entire bulk region of the device is at 0 V, or close to 0 V at all
places.

At the drain, the gate-drain voltage is 10 V and this is well beyond the threshold voltage. Here we
have a conducting channel.

At the source (which is always at 0 V), the gate-source voltage is also 10 V and here the channel is
also open. Actually, at all places do we have a conductive channel.

Let us now set the drain voltage to 10 V. At the source we still have a gate-source voltage of 10 V
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and the band bending here will still induce a channel. However, at the drain, the gate and the drain
are at the same voltage; the gate-drain voltage is 0 V and this is below the threshold voltage for
creating a conductive channel. The channel is closed here. This we call pinch-off.

If we assume a linear voltage drop from source to drain from 0 to 10 V, we can exactly calculate
where the channel closes, namely at 10% distance from the drain. We have to bear in mind, though,
that a closed channel has less free carriers and thus has higher resistivity. The law of continuity tells
us that the current at every place of the device must be equal. Therefore, since voltage drop is current
times resistivity, the voltage drops much faster in a closed-channel region than in a open-channel
region. Moreover, if we assume that the free-carrier density in the closed-channel region is much
smaller than the open-channel region, the pinch-off region is very small.

The voltage of start of saturation is easy to calculate. At this voltage the gate-drain voltage is exactly
equal to the threshold voltage. V.~V p=Vp Thus (Ve=0,V,=V,0)

onset of saturation: VD = VG— 14 T

Beyond this voltage, the current is constant. We will have a region from the source to near the drain
with a voltage drop of ¥,V and a very thin region close to the drain with the rest of the voltage
drop of VDS. The length of the first region is nearly independent of the total external voltage. It

therefore has a contant length and voltage drop, and the current through it is therefore independent of
Vs Again, continuity tells us that the current at every point is equal, therefore, the saturation

current is independnet of V.

With this we can calculate the free carrier density O(x) and the voltage }'(x) of every point in the
channel at the onset of saturation. Along the way we will also calculate the current which is the
current in saturation.
Imagine putting up a screen at a distance x from the source, peprpendicular to the source-drain
direction, stretching as long as the electrode lengths (Z) and as high as the film thickness. We can
calculate the current / through such a screen.
The current / at a crossection at a certain point x is equal to the free-charge density at that point Q(x),
the carrier mobility p and the local field £(x) = d¥(x)/dx:

1(x) = ZuQ(x) dM(x)/dx
Because of continuity, this current has to be constant along x and equal to the drain-source current

I, The above equation then reduces to

dV(x) / dx = 15, /ZpQ(x) (eq.D
The free-carrier density is a function of the local field V~V(x), as seen before:

Q) =C_ [VaVx)- Vil (eq.1D)
The solution to this system of diferential equations is easy (take the derivative of the second equation
and put this in the first), to which we add the following boundary condition:

la: the charge at the drain is zero: Q(L) = 0.

1b: The voltage at the drain is just enough to close the channel: V(L) = VeV

The soulution is then
0(x) = [(2C,, I,/ Zu)(L-x)] 2

@) = (Vg Vp) = (@I nZC Y-
: Using the next boundary condition
S D x  2a: The voltage at the source is 0: J{0)=0
l jvw 2b: The charge at the source is 0(0)= C,_ (V-

A4
t
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we can calculate the current

Ing=(R)WZILY C,_(V .~V )

which is the current at the onset of saturation and, since, as we have shown before, the current
beyond this point is independent of V'), this is the current in saturation (as long as ¢ <VpstVp)

The total amount of charge stored in the device in saturation can be found by integrating the equation
for the charge distribution above and multiplying by the device width Z:
at saturation, Vo =Vi—Vy  Q=Q@QB)YZV V) C |
in the same way:
at Vpe=0V: Q=zZ{V;VpC,,
Note: when we increase the bias, charge is coming out of the device. We have to be careful in our IV

measurements that we do not measure the current of these charges going into and coning out of the
device. See the section on displacement current.

We can also use the same method to calculate the current before saturation. Going back to the
general solution of the system of differential equations:

Vx)=(V5Vp) = [Q@Ip/nZC, Yxg—x)]2
As boundary conditions we now take:
1: The voltage at the source is 0; the charge is C VsV

2: The voltage at the drain is V(L) = V¢
The result is

Lyg=WZIL) C, [(Vi~V V- (12) v;,;]

which is equal to what we found for the linear region, except for the term V- D82 which becomes
important only when we approach saturation. When we susbtitute Vpg << V=V, we get the
equation for the linear region. When we substitute the saturation condition Vissg=VaVrwe
reproduce exactly the equation for saturation currents.

;‘f‘ Vg =6V
Z4 Vps =5V
V=6V Vps=4V
inaccessible
Vos =3V
Ins
Vag=5V Vps =2V
‘I .=1V
V=4V bs
verily
= G =02 L = VDS =0V
Vps Vg

Lxamples of IV curves (I, < V8. Vo left) for different gate voltages and transfer curves (I ps V8- Vi
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right) for different drain-source volrages. V.= 2 V.

For completeness sake and for later reference, here are the charge distributions and voltage curves
for the different regimes, ranging from 1) equilibrium, 2) linear regime, 3) onset of saturation, 4) in
saturation.

-
b

Vpg=0V Vps <V Vr Vps=VaVr Vps> Vo Ve
LIN onset of SAT SAT
Organic FETs

Why doesn't this work for our organic materials?

The organic FETs are of the accumulation p-channel type. In the accumulation operation
there is no space charge region caused by uncompensated ionized acceptors. All the space
charge and band bending must come from intrinsic carriers - unbalanced holes-electrons
which still follow pn = NN, Exp(-E/kT), but p>n - and carriers in the strong accumulation

channel. The result will be that we will still have the equations
IDS - Cox (VG _VT) H pVDS ZIL

Ing=(IDWEZIL) C, V-V )
for currents through the strong accumulation channel in the linear and saturation regions, but
that the threshold voltage doesn't follow the same equation anymore as given before.

The threshold voltage now becomes (see Horowitz)
' V,=gqN,dIC_,

The FETs are thin-film transistors. These don't have a bulk region that can accomodate the
band bendings. The result is that very thin films of pure materials will not show any FET
behavior, because for no gate voltage can we induce a band bending bthat will open a
channel.

Organic materials have a large sub-threshold voltage current. This also makes that the
saturation currents become voltage dependent because the assumption that the size of the

region where the voltage drops V5~V pis constant is no longer valid. In the discussion above

it was assumed that when the device is in saturation, the rest of the voltage is absorbed in a
very thin region. Such a strong field can be sustained becuase of the low carrier density. In
organic FETs we have a situation where the free-carrier density below threshold is already
substantial. The pinch-off region therefore has to be much larger and the rest of the voltage is
then absorbed in a smaller region. This gives larger electric fields and larger currents. The
currents still rise for increasing V¢

The mobilities are so low, that the above equations don't apply. For instance, we can have
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charge built-up at the electrodes which will limit the currents. In this case, the diffusion

component of the current will take over in importance. See p. 443 of Sze.

The assumption that the current is only depending on the electrical field is wrong. Instead of
I=gqu nk

we will have

I=qunkE + qD, dn/dx

For low mobilities, the first term becomes small and the second dominating. Obviously, this
becomes more important when we approach saturation because then we have the largest
gradient in carrier concentrations, especially in the pinch-off region close to the drain (see the
figures above).

For low-mobility materials it is therefore advisable to measure in the linear region.

e |Charge injection. In the above discussion it is assumed that the injection of carriers in the
channel is not a limiting factor. In the classic n-type inversion-channel FET the source and
drain electrodes are, in fact, made of n-type silicon. This means that, by the time an n-
channel is created, the Fermi levels in the electrodes and in the channel have exactly lined up
(by definition) and there is no barrier at the contact.

Moreover, where there is no Fermi level alignement (outside the channel) there is a pn-
junction that will prohibit conduction through anything else but the channel. We only have to
worry about the charges inside the channel.

In organic FETs the situation is different. When the p-channel is created, we still are not sure
if we have Fermi level alignment between the gold electrodes and the p-channel. Maybe we
have to overcome a Schottky barrier. This can be simulated by a diode in series with the

FET. It implies that for low V¢ the current is zero until Vo= Vi

3 The proposed structure is the one here on the left. This,
l q ‘ D I however would never conduct (always one of the two

diodes is closed). The best way to analyze this is with an

If* MSM device (metal-semiconductor-metal, see p. 613 of

o Sze). The idea is that the depletion widths on opposite two

Schottky barriers can start overlapping for certain voltages. When this happens, at VST, the

currents rapidly rise and the barriers effectively disappear. The voltage at which the device

opens is therefore NOT the built-in voltage of a diode, but rather the voltage at which

breakdown occurs. See Fig. 40 on page 618 of Sze.

Of course, this is not really an MSM device, because we also have the gate. How does this

relate to the FETs we are using?

Short-channel effects

For short channels we can expect the following:
Non saturating saturation currents. We assumed that the voltage drop along the channel is
comprised of two parts, a gradual drop V;~V independent of Vg over nearly the entire channel and

the last part [V}, —(V,;~V )] completely absorbed by an infinitesimal small region. When the channel

becomes shorter, the last part takes relatively more space and we cannot assume anymore that the
voltage drop V-V. 7 occurs over a constant amount of space independent of s In fact, this region

becomes ever smaller and the field will proportionally increase, together with the currents. In other
words, the current is, in saturation no longer independent of V. s See Fig. 41 on p.478 of Sze.

We can easiliy explain this. At the source and the drain we have a depletion region (a zone without
free holes in an n-p-n inversion channel FET). This zone will absorb the entire voltage drop Vo~

(V=Vp). Normally these zones are thin compared to the bulk. It is easy to calculate the width of
http://www.ualg pt/fct/adeec/optoel/fet/ P. Stallinga
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these depletion zones (see the section on Schottky barriers):
ys=RefaN, Vvl

¥a= 28dqN; (Vw2
for the depletion width at the source and drain respectively. Note that they also depend on the gate;
once the channel has formed, the depletion width at the source disappears, but we still keep a
depletion width at the drain which will absorp the excess Vg Note that this "barrier” at the drain

doesn't hinder the current, because it is in the forward direction for "minority carriers” (electrons for
npn device).

When this depletion width becomes comparable to the channel length we can expect short-channel
effects. This also depends on the acceptor concentration.

Non-zero subthreshold currents. Before threshold, we have pn-junctions on either side of the
semiconductor. The depletion width W of these follows the standard calculations. When the channel
length is decreased, these depletion regions can start overlapping. This will cause that the currents
increase. This is easy to see why. When a carrier is injected by diffucsion over the first barrier, into
the "channel”, it immediately starts feeling the fields of the second barrier on the other side and is
pulled away to that electrode; it has a significant chance of making it to the other side. In fact, the

diffusion (space-charge limited current) will dominate and the currents will be of the form J = VDSZ,
Threshold voltage shift.
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