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6.2, 5.8, 6.3 – JFET, MESFET, HEMTs 

1 Other Useful FETs… 

Silvaco ATLAS/BLAZE. 
 
Numerical analysis, solve using a 
mesh of points to implement 
equations, and crunches the 
numbers over and over again to 
refine the final data-set.  2D or 3D. 
Can take days to complete one 
simulation! 

Image for this lecture… a tool used 
by device designers… 
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! Consider this 3 terminal device… 

! Note the gate (G) electrodes are equivalent 
(shorted together) 

! Apply VD between drain (D) and source (S) and 
we get current flow 
 
     … ‘source’ & ‘drain’ for electrons 

! Apply negative voltage to G’s… 
  

What happens that might be useful for a transistor? 
Why the doping levels?   

2 JFETs 
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! Apply negative voltage to G’s… 

  

! Depletion regions expand, and can block 
the entire n-channel such that current flow is 
prohibited! 

! Amplification using a Junction Field Effect 
Transistor (JFET)! 

How much current did it take to reverse 
bias the PN junctions? 

3 JFETs 
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! We typically only need to focus 
on the channel region… 

! What kind of current do we 
get?  What carriers?  I-V looks 
like what? 

! However, a resistor behavior for the I-V is 
only valid for very low current levels… 

! So what happens at higher current levels?  
Take a guess…  hint, a resistor has a voltage 
drop across it… 

4 JFETs 



School of Electronics & 
Computing Systems 

SECS 2077 – Semiconductor Devices © Instructor – Prof. Jason Heikenfeld 

! At higher current levels we can get Pinch-off (for Vg=Vs=0). 

Increase drain voltage VD, the VDS increases which should increase current flow. 
 
However, increasing VD reverse biases the PN junctions and ‘pinches-off’ the channel 
(causes current saturation).  Depletion width tapered due to voltage drop…  

~ linear saturating saturated 

Note: shape of depletion is because VD drop across resistive n-layer! 

Further increase 
VD , could V here  
ever be zero? 

5 JFETs 
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! We can bias VG and modulate the n-
channel conductivity (depletion) 
 
! Therefore we have created a transistor… 

! Note, if we operated in saturation, small 
changes in VG will cause large changes in 
ID.  And IG is small! 

! Reverse dopings, how would Vg change? 

http://www-g.eng.cam.ac.uk/mmg/
teaching/linearcircuits/jfet.html 

6 JFETs 

 
! Check out this great simulation… try it 
out!  Use the link or Google ‘JFET CAM UK’ 
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! Recall depletion region thickness for a pn junction. 
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! At a reverse bias V… 
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! The junction is p+ so NA>>ND, 
we can use this and V0<<VGD to 
approximate W as… 

…at pinch off 
     W=a  
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Vp =
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2
ND
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 Introduce Vp (W=a) and solve for it… 

Why dep. 
 on Nd only? 

7 JFETs 
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! Recall effect of resistivity (ρ): 

R =
ρ(Ω− cm)L

A
=
ρL

wt

! For the system at right substitute 
new values for L->dx and t->2h(x)  to 
obtain the differential resistance: 

� 

R =
ρ dx

Z 2h(x)

! Therefore current is (a 
differential equation, 1st order, 
easiest to solve!): 
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I
D

=V /R =
Z 2h(x)
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dV
x

dx
‘gradual channel approximation’, no 
abrupt change in h(x) with dx 
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V
x

8 JFETs 
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! We already know that: 
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show that… 

9 JFETs 
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! Substitute: 
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! Keep increasing Vd,  at higher current 
levels we run into pinch-off and this term 
goes to unity (why?) 
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So why for Id(sat.) is there no VD term? 

� 

� 

V
P

=V
D
−V

G
⇒

V
D

V
P

=1+
V
G

V
P

Lets get rid of Vd…. first divide both 
sides by Vp and reorder. 

11 JFETs 
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! We can represent the device in the saturation 
region with an equivalent circuit: 
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! gm has units of A/V (S or mhos).  But it is more than 
just conductance, it transfers an input voltage to an 
output current…    Transconductance!   

gm 

! JFET F.O.M. is gm/Z  

large amplification or switching 
with min device area… 

12 JFETs 

! If you pick an apple from a tree, and find it has 
transconductance, you could represent it this way!  
(It doesn’t though, FYI… : ) 
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! Lastly, It can be shown 
experimentally that: 

� 

I
D

(sat.) ≅ I
DSS

1+
V
G

V
P

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

    (V
G

< 0)

PPDSS
V

L

aZ
VGI

 3

2

3
1

0

ρ
==

! Where IDSS is the saturated drain 
current with VG=0 

13 JFETs 
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JFETs used when need high current output 
with very low current input at gate (some 
BJT’s have too much input current, some 
MOSFET not enough output current). 

gm (sat.) =
∂ID (sat.)

∂VG
=
(1.8 − 0.3)mA

0.3V

easy to calculate gm ~5x10-3 mhos 

14 JFETs 
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15 JFETs 



School of Electronics & 
Computing Systems 

SECS 2077 – Semiconductor Devices © Instructor – Prof. Jason Heikenfeld 

16 Wow! >50!  Vertical JFET? 
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! Warmup, why is this  
called an operational  
transconductance 
amplifier? 
 
! Do I need positive or negative gate voltage to turn off 
the JFET?  

! If we keep increasing JFET drain voltage, what 
happens?  Does the current keep increasing more and 
more, if not, what is this called?  There are two terms 
describing this, one term is for the voltage at which this 
occurs, and the other term describes the current. 

! Why is the JFET gate heavily doped?  Hint, thing of 
the direction you want depletion to go… 
 

17 Review! 

! Why is a key advantage of using a JFET? Hint, the best amplifiers have very high input 
impedance (don’t require alot of input voltage or current). 
(a)  zero input current, and high output current; 
(b)  very small input current, and high output current; 
(c)  large input current, and low output current; 
(d)  small input current, and small output current; 
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! Remember, metal has a such a high density of electrons that it acts like n++. 

…remember semiconductor side 
looks just like 1/2 of a PN junction 
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18 Switch Gears… Don’t need PN! 
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! N-type Schottky Diode with 
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19 Key is Depletions Width… 
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! MESFET 
    -only metal contacts 

! Depletion modulation using a Schottky Diode 

! n-GaAs epitaxy grown on insulating GaAs subs. 
 
! Etched to isolate devices (C, and J leakage!) 

! Only need for high resolution patterning is the 
metal electrodes… 

! So why make a GaAs MESFET instead of a Si 
MOSFET or JFET?  Looking for 3 answers… 

(1)  wider Eg (1.12!1.43 eV) for higher current  
(2)  higher e mobility (1350!8500 cm2/V-s) 
(3)  small features (only pattern metal!) 
 
    …. we will go through these in detail on the next slide. 

Au-Ge : ohmic 
Al : Schottky 

20 Key is Depletions Width… 
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! Why higher speed? 

 

µn = 8500 cm2/V-s 
 
Jdrift = qµnnnE

1) for a fixed n, E, we get higher J as µ increases.  
We get higher speed! More charges get across per 
unit time to charge up the next line in the circuit! 

Wider bandgap allows higher temperature… why?   What does this 
mean in terms of device size & speed? 

2) Wider bandgap (1.43 eV) 

Think about connecting the source of one JFET to the gate of another 
JFET, why would a smaller gate help us??? 

3) Very simple fabrication allows smaller features, how does this help us? 

21 MESFET 

RC IS EVERYTHING FOR HIGH 
SPEED!  Narrow gate = lower R, 
Narrow gate = smaller C!   Smaller 
gates for all FET devices!!!! 
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Monolithic Microwave IC - an analog IC with on-chip capacitors and inductors design to 
work at microwave frequencies. 

Idss = 1 A!    Power dissipation up to 12 W, cooling? 

22 MESFET MMIC 
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! Homojunction implies same material, bandgap 
and electron affinities (χ) are the same so 
conduction and valence bands line up, only work 
function (Φ) is different… 

! Homojunctions are easy to make (diffusion). 
 
- However, the highest performance LEDs/lasers, 
BJTs, and a device called a HEMT all need 
heterojunctions (and for HEMT, the benefit is 
quantum confinement). 

! Consider two different materials such as GaAs 
(~1.42) and AlGaAs (~1.8 eV) with different work 
function (Φ), bandgaps, and electron affinities (χ). 
 
 
! What must happen? � 

qΦ

� 

qχ

� 

qΦ

� 

qχ

23 Back to Heterojunctions… 
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! Heterojunctions… joining two different 
semiconductors! 
 
 

(1)  Align Fermi levels (always!) 

(2)  Maintain ΔEC and ΔEV at the 
metallurgic (material) junction 

 
(3)  Connect Ec/Ev keeping Eg constant 

as bend bands, and as you do 
that… 

(4)  Consider doping effects to 
distribute the amount of band-
bending due to ΔΦ 
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24 Heterojunctions 
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! Remember, electrons always settle in lower 
parts of the conduction band 

! However, this is a very narrow well for holding 
electrons… 

! Quantum Well, Discrete En 

! Less scattering for the 2DEG so mobilities 
become huge!   

10,000’s! to 100,000’s!  Si typically < 1000! 
 
! High Electron Mobility Transistor (HEMT) 

! Extremely fast speeds! 
   (because of higher J) 

25 So what does this buy us? 
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! Depending on Schottky contacts, thickness of AlGaAs layer, and bias, device can 
be normally ON or OFF.  Layers below the channel MUST be lightly doped! 

26 Back to Heterojunctions… 

May need a Shottky gate to deplete the AlGaAs layer too (so no 
current from metal into n-GaAs layer, or through the AlGaAs itself).	
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! Back to the picture of the day, without 
worrying too much about all the device 
details, where is the 2DEG?   

! Is this device ON or OFF? 
 
! See the depletion region, why is it 
triangular in shape? 

27 HEMT 
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Oki Electric Develops GaN-HEMT on Silicon Substrate with Record High 
Amplifying Characteristics 
 
Los Angeles, Calif. October 16, 2005 -- Oki Electric Industry Co., Ltd. 
(TSE: 6703) today announced the development of a power transistor with 
dramatically improved amplifying characteristics. This Gallium Nitride High 
Electron Mobility Transistor (GaN-HEMT), is formed on a large diameter 
silicon substrate achieving a world record for transconductance rating of 
350mS/mm and maximum oscillation frequency (fmax)(*1) of 115GHz. 
Because this GaN-HEMT is achieved on a silicon wafer --not on 
conventional SiC (Silicon Carbide)--, it can reduce costs by approximately 
50%. This will help wireless communication systems become lower power 
consumption, smaller and lower cost. 

F.O.M.: 350mS/mm -> S=A/V, mm = width of device 

Other materials: 
GaN 
InP 
InAs 
etc…  >500 GHz! 

28 HEMT 
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29 HEMT 

! This product is $48.96 from 
Digikey.  220 W (yes 220W) 
version is $896 at Digikey!  
(2011 pricing) 
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30 So many transistor types! 
! Lastly, how to tell different transistors apart… (but you will find not everyone follows this!).  

   Why the arrow directions at JFET gates?   

! After next week, you will also understand why MOSFETs look the way they do… 
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! Why do people create and use MESFETs?  There 
are three advantages we highlighted… 

! What kind of equations are needed to predict JFET 
and MESFET performance?  Hint, this whole course is 
dominantly built on one type of two-terminal 
semiconductor device and its equations! 

! Why do people create and use HEMTs?  There is 
one big reason why… 

! How much bigger is the channel mobility for a GaAs 
HEMT vs. GaAs MESFET?  vs. a Si JFET? 

Look up a few mobilities from the slides, to get an 
appreciation for how they compare in channel mobility 
(which leads to channel conductivity). 

31 Review!  Take a Break! 


