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Chapter 4

RESULTS AND DISCUSSIONS

4.1 Introduction

The aim of this work is to show that the backgating phenomenon is determined by the
concentration and type of traps. The backgate to channel spacing is also an important
parameter. The substrate current is generally related to backgating and is also related to the
above parameters. Since traps are very sensitive to temperature variation, this effect is also

studied.

The simulations were made for two types of structures; in each one the substrate contains a
shallow level and a deep one as listed in table 4.1. The substrate for the first type initially

slightly p-type referred to as np". In the second structure referred to as nn-; the substrate is

initially slightly n-type. In both cases the backgating effect and substrate current are studied as

function of adding deep acceptors to enhance the shallow acceptors of np-and compensate the
shallow donors of nn-. Deep donors are also added to study their effects on the backgating

and substrate current.

The deep acceptors are assumed to be located at the middle of the energy gap (Ev+ 0.71 eV);
this is atypical value for Cr levels in Cr-doped semi insulating GaAs widely used as substrate
for GaAs FETs. The deep donors are located at (Ec- 0.74 e}) which is a typical value for the

well known EL2 which is a characterization of physical defects in GaAs bulk.

Deep level Shallow level
Structure Type E—E(eV) NT(cm-3) Type
Mem)
Substrate 1 (nn’) | Acceptors and/or donors  variable parameter | Donors 107
Substrate 2 (np’) | Acceptors and/or donors  variable parameter | Acceptors 107

Table 4.1: The two types of substrates used in the simulation.

The variable parameters which affect the channel conductance and substrate current are

summarized as follows:
= different acceptor trap densities.
= different donors trap densities.

= different energy levels for acceptor and donors traps.
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= different temperatures.

= different substrate lengths.

4.2 The conductance and substrate current in absence of traps
In the absence of deep levels; the calculated conductance and substrate current for both

structures are presented in fig 4.1.
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Fig 4.1 : The normalized channel conductance and substrate current as function of substrate voltage

for both structures in absence of traps .
We note that the conductance is more affected in the np™ structure. This is because the

potential barrier at the channel substrate interface is bigger as shown in fig 4.2.
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Fig 4.2 : The band bending in the np” and nn" structures in equilibrium.

The conductance is initially constant up to 1V in both structures. Then it decreases but more
rapidly in the np” structure. The voltage at which the conductance start to decreases is known
as the threshold voltage ( Vr). To explain this difference, the electron and hole distribution in

channel is presented in figure 4.3 for different voltages.

50



Chapter 4 Results and discussions

—o—nn

—%—n p'

-
o
&

-
o
N

\
&
"
\
|3
"
&
!
\
&

100

-
o
©

electrons

on000000000 00000 0RRRs
nooood %DDDDD

holes é@nﬁ*ﬁa’émmmu

100
Esz

-
o
w

Electrons and holes density (cm™)
<)

-
o
=)

10° ' , ' , ;
0.0 05 1.0 15 2.0

Distance (um)
Fig 4.3 : The distribution of electrons and holes in the channel in both structures for different

voltages.

The electron density in the nn” structure decrease to values greater than those of the np
structure for the same voltage. Hence the conductance of the nn™ structure is bigger than that
of np”. We observe also that the density of holes is not much affected before the threshold in
both structures. At the threshold, the effect is considerable.

12

For the substrate current; it is proportional to V''“ before it saturates at about 30 V in both

cases. First it is proportional to V"% because it is a generation type which dominates in GaAs
which usually contains very high density of g-r centers. These centers are typical of deep
levels located at about midgap but are not charged since they can capture electrons and holes

equally.

For the saturation, it can be due to either the saturation of the velocity or the total depletion of
the channel. However; the most probable cause is the first. This is justified by the fact that we

used electric field dependent mobility. In addition the current in nn” structure is given by

Inn_ :JnA:O-nEA 4.1
hence 1, =qnu.E-A 4.2

where A is the area which is 10 cm™.

For the np” structure the current is given by
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1, =apprE-A

4.3

Since the field, the density and the area are the same in both structures; then

Inn-
o~ :u” ~7300:17

N

[np— :uP 425

To clarify this more, we have compared the simulated substrate current assuming constant

mobility (non saturated velocity) and a field dependent mobility (saturated velocity). These

are presented in fig 4.4. It is clear that the current does not saturate in the first case while it

tend to saturate in the second.
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Fig 4.4 : The effect of field dependency of the mobility on the calculated substrate

current for the structures np” and nn'.
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4.3 The effect of deep acceptors

Adding deep acceptors located at Ey+0.71 el give the results shown in figure 4.5 for the

structures nn” (a) and np (b).
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Fig 4.5 : The normalized conductance and the substrate current as function of substrate voltage with

the acceptor trap density as a variable parameter: (a) for the nn” structure and (b) for the np- structure.

The conductance is reduced at a voltage smaller than the one in the case of their absence. This
is evident since acceptors gives the substrate a p-type like semiconductor, with a high density
than in previous case (without traps). For the densities not much higher to 10° ¢m the effect is

very small.

For the substrate current; it decreases with increasing deep acceptor density; the current is

always a generation type. It is proportional to the width of space charge region ( W) which is
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mainly located in the substrate side of channel-substrate junction. When the deep acceptors

density increases; the width decrease since Wi oc L and hence the current decreases
NTA
according to /g ocW; oc v
T

Another phenomenon is observed; that is the current for low deep acceptors densities has the
same shape as in the case of their absence. For high densities the shape change dramatically;
especially for the nn structure. This is more clarified by plotting the electron, hole and

ionized trap densities (fig 4.6). The ionized trap density increase the hole density in the

substrate while reducing those of electrons. =10"%cm™ =107cm™
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Fig 4.6: The electrons and holes and ionized acceptors distribution in the (a) nn" and (b) np” structures.
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4.3.1 Temperature effect

The effect of temperature on the backgating and substrate current is presented in fig 4.7.
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Fig 4.7: The temperature effect on the backgating and substrate current in the presence of the

acceptors only in nn structure (a) and np” structure (b).

In the nn" structure, as the temperature increases the ionized deep acceptor increases and
reduce the n-type property of the substrate, hence the numbers of electrons passing from the
channel to the substrate decreases resulting in the increase of the conductance. In the np
structure, as the temperature increases, the ionized acceptors increase the p-type property of

the substrate and hence decreases the conductance of the channel.
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It is also observed that deep acceptors cause the generation and TFL currents. Acceptors give

the substrate the p-type. If they are not fully ionized, the substrate current is of a generation
type. But when they become totally ionized, the current is of TFL type. This is shown in
figure 4.8 and 4.9.
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Fig 4.9: Ionized acceptors in (a) np structure at 250°K and (b) 400°K.

In the case of the nn structure and for 250 °K, the acceptors are fully ionized when the
voltage 1s at about 100 V. For 400 °K, they are not fully ionized at all voltages. In the case of
the np” structure for 250 °K, the ionization of acceptors is not fully nowhere, while for 400 °K

TFL occurs for 100 V.

The temperature effects the currents because of the temperature dependence of

n; oc(T/300) % exp £s . Therefore the current scales with the ratio " (T ‘/ .
2K, T (1)

B
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4.4 The effect of donor traps

If deep donor taps located at Er= 0.68 e}’ from E, (a typical value for the well know EL2) are
added in the substrate; the normalized conductance and the current are presented in fig 4.10,

for the structures nn” (a) and np™ (b).
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Fig 4.10: The donor traps effect on the channel conductance and substrate current for the nn" (a)
and np (b) structures in the absence of acceptor traps.
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The deep donors reduce the backgating slightly in both structures. In the np™ structure, it
makes the substrate less p-type and hence reduce the effective p-type density in the substrate
so that the depletion region at the channel side is reduced. As the deep donor density increases

the width of the space charge in the substrate is increased but it decreases in the channel.

Where

NDWc :NAejf Ws
W, o /N1 and W. o \[N .z
Aeff

where N, is the effective acceptor density into the substrate.

In the nn structure, deep donors make the substrate more n-type. This reduces the number of
electrons injected from the channel to the substrate and hence increases the channel

conductance.

In many cases this particularity (presence of donors only) is of no great interest since it is well
known that deep acceptors are mainly responsible for backgating while deep donors reduce it
and in the case of GaAs both type of traps are always present see for example [1]. This case is

the most important and will be developed in details in the next sections.
4.4.1 Temperature effect

Fig 4.11 represents the temperature effect on the channel conductance and substrate current in

both structures, in the case where the substrate contains only deep donors.
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In the case of np™ structure as temperature increases, the ionized donors density increases
giving the substrate less p-type. this tends to eliminate the generation and TFL currents since
they reduce the depletion region. In the nn structure, the more ionized deep donors widen the
accumulation zone. For the conductance, with increasing temperature the ionized donors give
the nn” structure more n-type which means that for decreasing the conductance it must give
more tension which is shown in fig 4.13.1. Will in the np™ structure it become less p-type
hence less tension to reduce the conductance proved by fig 4.13.2. For the increasing of
substrate current. The increase may be due to the diffusion current. Fig 4.12. shows the
change of the band bending with increasing temperature which lead to more ionization of

donors.
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Fig 4.12: The band bending (a, a’) at 250 °K and (b, b’) at 400°K for the two structure
when the substrate contains donors.
(a) (b)

415 3 g (Va3
3 iyl
N=10"0m”, EE, 068 ¢

1 015
V=-100 V, Tparameter
10" G%%
o
PR DI

-4 15 3 A A3
N=10"cm”, N ,=10cm
15 3

N,=10"cm®, E - =0.68 &V

10° g




Chapter 4

Results and discussions

(a) 5. 3 7.3 (b)
Nnc=1015°m3’ N,up=10"cm
N;,=10"cm”, E -E. =0.68 eV o e
10° NDC=10150m73, N, sus=10"cm
] og:q%% N;,=10"cm", E -E, =0.68 eV
10" Y\b\ o, "x,,% V=-100 V, Tparameter
Q o
T T,
2 +\+<<°\ Dbb k"x
- 8RR
£ \ R o
2 ] bk
=2 10" v % W
: z CT
% S <>>> ob}) K,‘
c > g % ¥
g g LN
& 3 -
%
- 5§ 10° Yo%
£ Yoo
10% 3] Yo%
—4—T=250 °K 2 e T=250 °K ocooct
—o—T=300 °K 10* —o—T=300 °K kN
—o—T=350 °K —o—T=350 °K %
—+—T=400 °K —T=400 °K \K
2
S s e e I B e e e S T B 10 T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0

Distance (um)

Distance (um)

Fig 4.13.2: Electrons distribution with respect to temperature on an applied negative

voltage (a) —10 V and (b) —100 V to the np” structure.

4.5 The effect of donor traps in the presence of high density of acceptor

traps

When deep donors are added in the substrate which contains a high density of deep acceptors

the results are presented in fig 4.14.

The increase of the deep donor density increases the current in both structures but increases

the threshold voltage in the np” structure when it reduces it in the nn” structure. In the case of

np  structure, the compensation of acceptor traps gives the substrate less p-type. Hence the

reduction of depletion region yield the increasing of channel conductance. In the nn structure
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increasing donor density doesn’t only compensate the acceptors but also give the substrate
more n-type which lead to more electrons crossing from the channel to the substrate, hence

the conductance decreases.

The substrate current increases because of two reasons. The first is the decreases in the hole
density in the substrate, the second is the increase in the width of the depletion region within
the substrate since the current is partially a generation-type ( between generation and ohmic).
This behavior will be explained by the relaxation regime in section 4.11. The threshold

voltage increases since the p-type substrate requires higher voltage to deplete the channel.
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Fig 4.14: The normalized conductance and substrate current in the presence of deep acceptors

with deep donors as parameters in nn~ (a) and np” (b) structures.
Another phenomenon is observed and it is different into the two structure. In the nn’, a TFL

type current is observed while it is absent in the np” structure. This can be explained by
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plotting the charge of the deep acceptors in the substrate (fig 4.15). It is observed that the TFL
type current appears when ionized deep acceptors are less compensated by deep donors. In
other words deep acceptors enhance the appearance of TFL while deep donors reduces it by

compensating deep acceptors and making the substrate less p-type.

4.6 The effect of acceptor traps in the presence of high density of donor
traps

Fig 4.16 represents the effect of acceptor traps in the presence of high density of donors. The
acceptors increase the backgating (decrease the threshold) and decrease the substrate current

especially when their density exceed that of the donors.
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4.7 The effect of energy level position
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4.7.1 Donor traps
If the energy level position of donors traps varies across the forbidden band, the responses of

the nn” and np” structures are illustrated in fig 4.17.
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In these cases when the donor level is closer to the conduction band; their efficiency (ionization)
increases; therefore; the threshold for backgating increases. Hence; this is very important results
since it can be suggested that in order to reduce backgating, one can add large density of deep

donors with less deep energy ( closer to conduction band).

The substrate current increase and change from TFL to generation as explained in previous

section.
4.7.2 Acceptors traps

Since the acceptors traps are those the responsible of backgating, their position in forbidden gap
is also important. Fig 4.18 illustrates their effect when their energy position varies. For the
conductance, it decreases when the acceptors traps are more close to the valence band where
their ionization is more important. They extend the space charge region at the channel-substrate
interface in channel side. For the substrate current, it is known that if the traps are more ionized,
the depletion layers shrink and then the current decrease since it is a generation type proportional

to the space charge region width.

It is also observed that the curve ionized deep acceptor are, the more probable that TFL current

appears.

69



Chapter 4 Results and discussions

_an15 3 PP S
N,=10"cm™, N ,=10'cm
10 y N_=10"cm® E_-E, parameter
X\*\*‘*‘*x %%
] °~o 4 10"
° ]
S 08-
8
= l <
£ =
3 0.6 10" 3
5 5
8 J o (a)
5 2
2 g
g 044 8
° 7
® 1 o * 10™
= /e o° %/"/ —*—E-E=0.5eV \ A
£ 0247 o~ . —o—E,-E=0.65eV X \V
S / o ——E_-E=0.71eV T \
1 4 —vEEF075eV R ¢
—+—E_E=082eV O \;\
0.0 ——rrrr ——rrrr R ——eeey 107
0.1 1 10 100 1000
Substrate bias (V)
N,=10"cm® N, .=10"cm”
10 NTA:10”cm'3, E,-E, parameter
o -4 10™
O 0.8 ]
p ]
8 ]
= 4 i —
S <
S 1 =
c
g 0.6 1 | g
O ]
]
8 S ()
= 10" 8
E 0.4 - X : ..E
[S] ’ﬁ* E _%
S ] @
8 ——E_E=05eV x ]
@© _ X
£ 024 —o—E,E=065eV % ]
5 —<—E_E=071eV &
z —v—E,-E=0.75eV 5 \ ]
1 —«—E_-E=082eV \ K
v x{ P
0.0 —— T e gg0ge 0
0.1 10 100 1000

1
Substrate bias (V)

Fig 4.18: Channel conductance and substrate current versus substrate voltage in nn” (a) and np” (b)
structures, when Nyp=10"* cm™ ( E-0.74 €V ), N14=10"* cm™ and the energy position of acceptor

traps as a parameter.

70



Chapter 4 Results and discussions

4.8 BACKGATING WITH AND WITHOUT THRESHOLD
4.8.1.1 The donors effect

At high deep donor density the conductance remains constant, but beyond a certain value of
applied voltage it drops rapidly; in both cases. This is the case of backgating with threshold
voltage. As previously mentioned that the donors reduce backgating. Fig 4.19 demonstrates
this. When the donors are large than acceptors their effect becomes more apparent. Hence to
eliminate the acceptors influence we compensate it with donors which increase the electron

density and lower that of holes. This is shown in fig 4.20.

1.0 4153 EPPC I
NDC—10 cm ,NDSUB—10 cm

Bo % N N_,=10"cm®, N._parameter

0.6 N

0.4

|—o—N_=0.0cm®
—2—N_,=10" cm”
0.2 4 —v—N_=2.10" cm®
—0—N_;=5.10" cm®
—#—N_,=8.10" cm®
%seNTD=1O16 em®

Normalized channel conductance G/G0

0.0

a5 a3 PPN S|
NDC—1O cm ,NASUB—1O cm

_ant4 3
N_,=10"cm™, N, parameter

*
bb
0.6 % % \\

w
. (b)
0.4
o A4
1 —©—N,,=0.0 cm® X ,
—2—N_=10"cm™ %
0.2 4 " 53
—v—N,,=2.10"cm o v
—o—N,=5.10""cm” \ \
- A,

1
e

Normalized channel conductance G/G0
/

—«—N_=8.10"cm® o
00 NTD=10150m'3 ok@ \ \*kg
) X i , T , " = - : 1
0 20 40 60 80 100

Substrate bias (V)

Fig 4.19: Illustration of the normalized channel conductance drops versus the substrate

voltage in nn"(a) and np™ (b) structures.
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electron density distribution in the channel for the nn” (a) and np” (b) structures.

We observe at 10 V the backgating appears only when the deep donors are at 10" cm™ while

for larges densities there is no backgating at this voltage.

4.8.1.2 The effect of the energy level of the donor trap

In these cases, we take the position level of donors traps as parameter in order to more improve

that the backgating is further reduced for levels closes to the conduction band. Fig 4.21 shows

this effect.
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4.8.2.1 the acceptors effect
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As previously mentioned the acceptors increases the backgating and the increase of their

density makes their effect more appears.
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drops versus the substrate voltage in nn"(a) and np™ (b) structures.

4.8.2.2 The effect of energy level of the acceptor trap
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When the acceptor levels are far from the valence band the holes contribution become less
important which implies that the substrate is less p-type, hence the space charge region inside
the channel is smaller which means that the conduction cross section of the channel is less

affected; resulting in a constant channel conductance.
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4.8.3 Temperature effect on the threshold voltage

In the case when the deep levels are both present in substrate. The acceptors density is about
10" ecm™ located at 0.71 eV from the Valence Band and the donors density is about 10" cm™

and located at 0.62 eV from the conduction band. The effect of the temperature on the

backgating and substrate current is presented in figure 4.24.
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For the nn” structure, the Fermi level is closer to the conduction band, all acceptors are more
ionized at 250 °K hence the TFL current appears. As the temperature increases, the ionization

of acceptors does not change while that of deep donors change mainly at 400 °K.

for the np- structure, the fermi level is closer the valence band, the donors are more ionized at
250 °K. Increasing temperature increases the ionization of acceptors yielding the appears of
TFL current at 400 °K. the increase of acceptors compensate the donors and reduce their

concentration. This is proved by fig 4.25.
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4.8.4 Channel-substrate spacing effect on the threshold voltage

The effect of the substrate length which is the channel substrate spacing on the backgating and
substrate current is illustrated in fig 4.26. For the nn” and np- structures when the substrate

contains a high density of donors and acceptors.
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Fig 4.26: The channel-substrate spacing effect on the threshold voltage, backgating and

substrate current.

76



Normalized channel conductance G/G

Chapter 4

Results and discussions

N,.=10"cm”, Ny . =10cm™

N,,=10"cm®, E™E =0.71 eV
10"em® EE =

N_,=10"°cm®, E-E, =0.62 eV

N,=10"%cm®, N, =107cm®
N,,=10"cm™ E ,-E =071 ev
N,,=10"cm”, E -E,=0.62 eV

Hg  parameter 10 Hsm parameter
1.0 . . —
% \* -
1 Q9
o
0.8 Q 0.8 4
c
I]
14 £
=
2
06 g 064
| (a) 2 (b)
c
8
0.4 S 0.4 4
°
o]
g N
. g
0.2 P20 0m 502+ —%—H_,=20 um
—#—H,, =40 pm z —+—H_ =40 ym
—o—H_,=60 ym ™
sub_ —0—H_ =60 ym
* —+—H_ =100 um sub
\y&w \ sub L —+—H_,=100 pm
0.0 + t ¥ T ¥ f ¥ t g i 0.0 T T ¥ T + ¥ + t ¥ i
0 200 400 600 800 1000 0 200 400 600 800 1000

Substrate bias (V) Substrate bias (V)

Fig 4.26: The change of threshold voltage according to the channel substrate spacing .
In this last case the backgating is reduced with increasing the substrate length in both structures
which is obvious, so the substrate become more able to preclude the reverse tension, hence the
threshold increases. For the saturation of substrate current, is also due to the saturation of
velocity, therefore the saturation in substrate of 20 pm occurs before those of bigger lengths.

hence, for achieved the saturation in longer structures we need more voltages. this is proved by

the relation /=A4-0-E where E :%_ We can also observe that there is a good coincide with the

decreasing of the conductance and the saturation of substrate current.

4.9 GaAs as relaxation material

4.9.1 Introduction

As summary of the substrate current—voltage characteristics, the deep donors have the effect of
eliminating the generation current, since it makes the substrate less p-type, hence the absence
of depletion region. The current in this case tend to be constant with increasing donor density.
On the other hand, the generation and TFL currents appears in the presence of deep acceptors
in the substrate. Therefore, we will present in discussion about the relaxation phenomenon for

the latter case only (presence of acceptors).
4.9.2 Substrate current and the relaxation phenomenon

In both structures the current is almost linear ( most probably a diffusion type current) before

its slope decreases to give generation current. This is caused by the increasing space charge
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width. Therefore the resistance increases. The change in this resistance denoted AR is

proportional to the change AW in the space charge layer width, which in turn is proportional

to (AV)”Z. Since AR=AV/AI, it follows that AI;(AV)”Z, which means a sublinear

dependence with slope s=1/2 (R,). This is a well known phenomenon called the relaxation

regime [5, 6]. At a certain voltage; the current increase suddenly. This is related to the well

know space charge limited current (SCLC) or TFL [24, 44] where the current is proportional to

Ve (1{a(2 ). In R,region; the structure behave as a simple ohmic resistance. The current is

proportional to voltage (ohmic) in the case where the mobility is constant, and saturated when

the mobility is field dependent.
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Fig 4. 28: The substrate current variation as function of reverse bias for the nn- structure.
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4.12 The effect of substrate doping

The substrate doping is an important factor. Since one can observe that in the structure where
the substrate is more doping the current voltage characteristics and the backgating is more
clear. For example, we have chosen two other structures, where the channel has doping density
of Np=10"" c¢m?, for the first the substrate is initially n-type with shallow level density of
10"'em™. For the second, the substrate is initially p-type where the density of the shallow level

is about 10'"' cm™. Changing certain parameters give the follows.

4.10.1 The effect of acceptors

In this structure, the acceptors has the same effect as the previous. With increasing their

density, the generation and TFL current appears more and the backgating increase.
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Fig 4.29 : The acceptor effect on backgating and substrate current in n15n11 (a) and nl15pl11
(b) structures.

4.10.2 The effect of donors

the same observation are given from fig 4.30. The donors reduce or tend to eliminate the

generation and TFL current. In other words the donors tend to reduce the acceptors effect.

In n15n11 structure they decrease the conductance since they make the substrate more n-type
which lead to more electrons crossing the channel to the substrate. In n15pl1, the donors
reduce the depletion region inside the substrate resulting in the decrease of substrate current
but in this case we can subject that the donors have a large density yielding them to

compensate the acceptors and passing through the junction leading to reduce the backgating.
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4.10.3 The effect of temperature

(b)

In the presence of high density of acceptors and donors, increasing temperature give more

ionization to the two type. Fig 4.31 represent the temperature effect on the backgating and

substrate current for n15n11(a) and nl15p11 (b) structures.
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Fig 4.31 : Temperature effect on backgating and substrate current when the substrate contains

a large density of donors and acceptors. In n15nl1 (a) and n15p11 (b) structures.

4.10.4 The effect of channel-substrate spacing

(b)

Increasing the channel substrate length reduce the backgating and decreases the substrate

current. Also the TFL current is reduced with increasing this parameter.
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Fig 4.32 : channel-substrate spacing effect on backgating and substrate current in n15nl1 (a) and

nl5pll (b) structures.

Substrate current (A)

4.10.5 The TFL current

Since the TFL current is more apparent in the structures nn” ( good candidate of relaxation

materials ). Fig 4.33 illustrate the effect of substrate doping on TFL type.

In the structure when the channel has a doping density of Np=10"> cm™ and the substrate has
the doping density as variable parameter, figure 4.33.(a) shows that the TFL current appears
better in the case where the substrate is more n-type. The same observation is given by fig
4.33.(b) where, in this case the channel has a doping density of Np=10'® cm™ and the substrate
is initially n-type.
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Fig 4.33: The effect of substrate doping on backgating and substrate current in: nl15sub (n=7, 11)
(a) and n16 sub (n=7, 8, 9, 10, 11, 12, 13") (b) structures.
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