Lecture 9:

High electron mobility
transistor
(HEMT)
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HEMT:

gate Schottky
source diode drain

t, n-AlGaAs
v o | I-AlGaAs
_ 2DEG
I-GaAs

Insulating substrate
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HEMT:

source diode drain
t, depletion region n-AlGaAs
o I-AlGaAs
_ 2DEG
I-GaAs

Insulating substrate
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Many possible variations

“Quantum well” is also popular.

Highly doped material under ohmics for
Ow contact resistance

nP based materials
GaN based materials
(PHEMT: strained materials)
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Triangle vs. square well:

2DEG =0 A
A 0

Fermi energy S

(Draw both bound states on board.

In particular discuss figure 5.21 from Liu.)
Also discuss shallow vs. wide wells on board.
(Typically 100 angstroms works.)
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ABJ1aus

Fermi energy In 2 dimensions

# electrons = _[ N dE = j Lz—th

#electrons = L2 E.

7h

— ~=Fermi

= E, =

hr (# electronsj _hm
m L*

m

>AII these states are

filled with electrons.

In GaAs, 10tcm2 gives

E: ~1-10 meV

/ E=0 But 10*°cm-2 gives more than first subband.

Discuss “subband”, how above integral gets modified.
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Problem

Presence of electrons changes shape of
potential well.

We need a way to account for this.
Will do NOW.

wWhy? We want to know how many
electrons there are!

Later, we want to know how gate voltage
changes that.
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Trianglular wells

From guantum mechanics: h? 173 r 213 1 213
E, ~ 22 — €& n——
87°m 2 4

E, ~4-10°(5,, F*(v /cm)

Slope of this line is
€2

< E b — \
I El{
-

E ==n, - (E, —El)z%”ns

Note: Lecture 10 had error of hbar.
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Poisson equation

Actually first of Maxwell’s four equations:

—

V.E=_%*
E

In the x-direction only:

dE_i B b N -
&—gp(p n+N;—N;)
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P n diode

p type

n type

P 11111
++++++

charge density

1 \ no electrons or holes

In depletion region

electric field

draw p,n density on board

A4

/

potential
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Hint for HW #5.8

n AlGaAs insulating GaAs

+++++

no electrons or holes_~ T ™ »DEG  dE

: ) : q o
in depletion region =—Ip—-n+ Ny —N,
P ) undoped AlGaAs dx &, (p ‘ )

A dE
dx £,
charge density X J depz . depz A _a
SH o OX s €p ) £

A E(Xdep2)

s
LHS = [dE = E(Xdep2)~E(0)=E(0)=¢
electric field /\ E(Io) (Xdep2) -E(0) =E(0) =4,

Partb, calculatefi,
Then calculate ¢, = jE(x)dx

Then eliminate Xyqp; E1= 8y
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Trianglular wells

E, ~4-10°(,, f"*(V /cm)

LN

E e
L Slope of this line is
&i2

That gives one relationship between

E; and n..

To solve for both of them, you need anotjle
relationship: HW 5.8
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From HW 5.8

You will find:

ns X \/AEC \/Nd

Want to engineer material so that AE_ large.
For GaAs, there is a limit.

r IN,Ga,  AS/IN, Al AS,

use strained layers to get larger AE, (discuss).
(InP has higher mobility, peak velocity than GaAs.)

Called pseudomorphic HEMT: pHEMT.
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N, vs E;

After all that mumbo-jumbo, we know it is complicated.
We approximate it many times as:

Ef(ns): Ef,O_I_a'ns
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Gate

. s Gate changes E;
— "2 kg with respect to
—————————— - E— - = — — = = = = = reference energy.
AE, il -GaAs  Ng2  This changes densit
. 1 =
N-AlGaAs / Rt
| sl
\ reference energy level
||" J'VJ‘I
'n'
¥y
—_’.
A

_

3

From Liu

undoped AlGaAs
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Vary gate voltage

Changes Fermi energy which changes density.
(Draw better pictures on board.)

From Liu.
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Density

&
= Vier —V

eN AE.

E
Vi =g - ;’O 2;’1 (t, -5)°
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HEMT analysis

Ypess
() Vs (negative; y ._’ " "
_:_ 1 Souree Gate NS Drain
== P ] [Bez:ss 1 ]
N-AlGaAs undoped AlGaAs
A/--
i t -, _
+‘ =0 x=12 x=1 !-(:u:\.\'
l y ¥ ¥
1... — - '.. — - " T e
N\ = e i\ z \
vas "‘l VG v ]\-_1 " 4V¥gs N Sy
|. 157 | ‘,f" Bt P --- ./l'] 1/ _______
4 /,.-" q‘-(-‘s*_t] ..'. o~ == q‘ DS ——
\ ! \ s ,.‘. -
por l \\ 'j "\\ } =1
xr=1 =12
From Liu.
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Density

E
_ V., —V

— en,(x) =C,, (VGS —V; _Vcs(x))

C E

OoX

Tt +eale’

Vcs (O) =0
Vcs ( L) — VSD




Current

Jis 2d, ng is 2d. (Discuss).

J=e-u-n,-E
|, =J-(width)=e- z-n(x) - E(x)-W

lp = /“l'Cox(VGS —V; _Vcs(x))' E(x)-W

OV~ (X
= ,U'Cox(ves —V; _Vcs(x))' (;(( ) '

=

EECS277B © P.J. Burke, Winter 2016 Last modified 1/4/2016 10:54 AM H Lecture 9, Slide # 25




Integrating:

lp = :u°Cox(VGS —V; _Vcs(x))° Nes (X W
OX
0 L Vs (X)
_(‘; lpdX = _[0 K- Cox(VGS —V; _VCS(X))° P -Wax
= [, #-CoylVes =Vr =V (x))- Vs (X)W = doable
W-u-C | V.2
ID — lLll_ = (VGS _VT)VDS - DZS
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Conclusion:
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Channel potential;
J=e-u-n -E
5 =J - (width)=e- u-n(x)-E(x)-W

Since we are in 2d, no position dependent thickness b(x). Life is easier.
It can be shown that:

Vs (X) = (GS_ T)'_l_\/l_é(l_az)

L

(1_VDS / VDS,sat for VDS <VDS,sat
0 for Vs >Vis

N

04

\
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Velocity saturation

Just like MESFETs
Important in short channel HEMTs

Need to model channel as to regions:
saturated and unsaturated

Qualitative 1Vs are similar
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