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DEFINITIONS

Bipolar Junction Transistor - (BJT) Both holes and electrons participate in the
conduction of current, hence the name bipolar.

Minority carrier - In a p-type semiconductor electrons are the minority carrier type,
In an n-type semiconductor holes are the minority carrier type.

Emitter - Emits minority carriers into the base region of a BJT. For example, in an
NPN BJT the n-type emitter, emits electrons into the p-type base. The emitter
usually has the highest doping levels of the three regions of a BJT.

Base - Thin region which is used to control the flow of minority carriers from the
emitter to the collector

Collector -Collects the minority carriers that make it through the base from the
emitter. The collector usually has the lightest doping concentrations of the three
regions.

DC Beta ( By ) - The ratio of the collector current to the base current. By. = 1/ Ig
AC Beta ( B,. ) - The ratio of the change in the collector current to the c%ange In

the base current. B =AlTAlg
s /

Page 3

© February 12, 2014 Dr. Lynn Fuller




Zaf]

BJT - BIPOLAR JUNCTION TRANSISTOR
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SCHEMATIC SYMBOLS
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IDEALIZED STRUCTURE
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ELECTRON CONCENTRATIONS IN AN NPN BJT

Emitter Base Collector
n~Nde ----------- E
~ < |1 n~Ndc
n~very small butnotzero | | "~ 1
~ni2/Nab S .
BE BC

Space Charge Layer

With the B-E junction forward biased, and B-C junction
reverse biased. There is a concentration gradient in the base
that forces electrons to flow toward the collector.
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COMMENTS

1. The concentration of electrons in n-type silicon is ~ doping
concentration in that region.

2. In p-type silicon the number of electrons is almost zero

3. Aforward biased pn junction means more carriers of both types
can cross the potential barrier. So a forward biased base-emitter
junction (in an npn BJT) means more electrons on the base side than
In equilibrium (no bias).

4. Areverse biased pn junction means less carriers of both types can
cross the potential barrier. So a reverse biased base-collector junction
(inan npn BJT) means less electrons on the base side than in
equilibrium (no bias). Even closer to zero electrons in p-type base at
the edge of the B-C space charge layer.

5. The base is so narrow that few electrons are lost as they diffuse
across the base width. Diffusion is driven by a concentration
gradient. So electrons move towards the collector and current flows

:g In the opposite direction.
I © February 12, 2014 Dr. Lynn Fuller |= /
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HP4145B SEMICONDUCTOR PARAMETER ANALYZER
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TEST EQUIPMENT
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TEST STATION

Zaf]

Light Source

= 7 e e
Ch_| )
Switch Matrix ="

: el 117/

R e ll .I‘ - ‘ :- ‘ > :\'.
R L4
—

PC Interface | t =

{

CCD Camera

|

e
A

77

| Microscope

@\ = . B ==

~——_—

Semi-Auto
Probe Station

=

{ © February 12, 2014 Dr. Lynn Fuller

Page 12




izt

OPERATION OF HP4145 AND SWITCH MATRIX

Turn on the HP4145, Switch Matrix, and PC
Select ICS icon on the desktop (close and message window)
Click on GPIB icon on the top of the screen select NI-32Thunk
Click on Instrument icon and select HP4145
Click on device icon and select PN Diode or BJT
Click on SMUL1 then click on terminal (n-side of diode)
set SMUL to zero volts ground
Click on SMU2 then click on terminal (p-side of diode)
set SMU2 to sweep from -10 to 10 Volts, measure
| and V
Click on done

Click on measure button
é Wait for data to graph then add cursors, lines, titles, source conditi

OD
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N
—— E NPN General Purpose Amplifier
FAIRCHILD g (continusd)
e
SEMICONDUCTOR h - - -
- Electrical Characteristics -z cuniesscnenise rotea
= Symbol Parameter Test Conditions Min Max | Units
= Y
m
2N3904 MMBT3904 PZT3904 P OFF CHARACTERISTICS
g Vimiceo Collector-Emitter Breakdown l==10mA le=0 40 v
h Voltage
c C — Cellector-Base Breakdown Veltage B0 W
o Emitter-Base Breakdown Voltage 6.0 W
N Base Cutoff Current 50 nA
E ¢ F o loex Collector Cutoff Current =0 nA
S
S0T-23 B
Mark: 1A sor-223 Y ON CHARACTERISTICS®
hez DC Current Gain .= 40
lo = 70
o= 100 300
NPN General Purpose Amplifier ez b
R . . " X Collector-Emitter Saturation Voltage L= 0.z W
Thiz device is designed as a general purpose amplifier and switch. lo = ! \ 0.3 W
The useful dynamic range extends fo 100 ma as & switch and to Base Enitter Saturafion Valtage = 10mA 5= 1.0 mA S 085 v
- o plmer. o = 50 mA, le = 5.0 m& 0.95 Y
Absolute Maximum Ratings™ -+, -z cunessatnerwee noseo
- SMALL SIGNAL CHARACTERISTICS
Symbol Parameter Value Units = Current Gain - Bandwidth Product | 1z = 10 Mk, Ve = 300 Wz
Veeo Collector-Emitter Voltage 40 v =100 MHz
T —cov
:'\":ca: Collector- Baslel‘v’clhge 60" y: Cata Ouiput Capacitance f» :51 .[115 MGHZ X 4.0 pF
Veso Emitter-Base \/oltage 6.0 v Cimo Input Capacitance Ves =05V, Iz =0, 8.0 oF
Iz Cdllector Current - Confinuous 200 ma f=1.0MHz
T, Teyg Operating and Storage Junction Temperature Rangs 55 to +150 °C NF Noise Figure lo =100 pA, Vee =50V, 5.0 dB
Rs =10k f=10 Hz to 15.7kHz
aT'ESE ralﬂ;s are ImiEng values above which the serviceatl l}':f am'sembordma device may be Impaired
:‘|?|I|Ee:e ralings are based on 3 maximum junchon lemperature of 150 tegrass C SWITCHING CHARACTERISTICS
2) These are sleady state Imits. The factory shouid be consulted on applications ivalving pulsed or low dufy cyce operations ty Delay Time 35 ns
1 Rise Time 35 ne
Thermal Characteristics  ,-sscunesonenserstes t Storags Time 200 ns
tr Fall Tims 50 ne
Symbol Characteristic Max Units .
Pulsa Test: Pulse Widh = 300 ps, Duly Cyce s 20%
2N3904 *MMBT3904 | *PZT3904
Po Tatal Device Dissipation 625 350 1,000 mw
Ceerate above 25°C 5.0 238 . mWreC -
Rauc Thermal Resistance, Junction to Case 333 SCIW Splce Model
Raun Thermal Resistancs, Junction fo Ambient 200 7 125 oW ) NPN (Is=6.7347 ¥ti=3 Eq=111 Vaf=T4.03 Bi=4164 Ne=1.250 lse=5.734 Ikf=86 78m Xtb=1.5 Br=7371 Nc=2
e mouTad N FRed POB 4 67K 1.6 K005~ Isc=0 Ikr=0 Re=1Cjc=3.638p Mjc=.3085 Vjc=T5 Fc=5 Cje=4.493p Mje=2593 Vje=75 Tr=238.5n T=301.2p
o o o . Itf=4 Vif=4 Xif=2 Rb=10)
Cevice mounted on FR-4 FCB 36 mm X 18 mm X 1.5 mm; mounting pad for the collecior lead min. & cm-

Note: see page 12-15 of this document for more information on BJT SPICE parameters

Y06€1Zd / YOBELENIN / POBENZ
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THEORETICAL BE JUNCTION, BC JUNCTION, CE
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BE AND BC DIODE CHARACTERISTICS

Base-Emitter — - Base-Collector

|4,
Fil

VA WA,

and measure IS. Identify Base, Emitter,
Collector leads and label on sketch.
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BETA MEASURED FROM FAMILY OF CURVES

Microe| ==

MPM BJT At Low Current . MPN BJT At High Current
— — Beta=44 @ ~90mA| ... =
0 - - and Vce=5 o /i— ----------- —
......... % _UC
. NPN BJT Conditions: .
0.0200 -
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et i j Stop: 10,0000 V
R | | step 01000y
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i e | Step D0700m A
I Prs 11
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BETA VS IC — 2N3904
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SPICE SIMULATED

P vl ""| SPICE Model

|
SPICE Simulatin of e ona90s
0Adc HEHN
Betavs Ic i 23300015
|
p— h]
0 WAF 74 .03
200 IEF Oaa7s
ISE 6. 734000E-15
NE 1.259
BE L7371
150 R 10
EE 10
RiC 1
CJE 4. 493000E-12
< MJIE 25393
I— CJC J.6383000E-12
Lu lOO MIC L3085
m TF J01.200000E-12
XTF 2
VTF 4
ITF .4
50 TR 239.500000E-09
XTE 1.5
CI 2.42
]

c{g; FLICIgVIS & BLIRLgN3)

GH 0 100uA 1mA - 10mA - 100mA .

/
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2N3904 SPICE MODEL

From the datasheet above

Spice Model

MPM (ls=8.734F ¥ti=3 Eg=1.11 Vaf=T4.0A Bf=416.4 _Ne=1.259 |se=5.734 Ikf=55.78m Xtb=15 Br=7371 Nc=2
lsc=0 Ikr=0 Re=1 Cjc=3.638p Mjc=.3085 Vji=T5 Fc=5 Cje=4.493p Mje=2553 Vje=75 Tr=239.5n Ti=301.2p
=4 Vif=4 ¥ti=2 Rb=10)

M DC Cument Gain L=01mb Ve =10 40
= 10m&, Vee =10V 70
=10 ma, Vee=1.0V 100 300
=50 mad, Vee =10V 50
L = 100 mé, Ve = 1.0V 30

Why does the SPICE model have Bf of 416 when the maximum Bf=300

Answer: It is a model parameter and when combined with other model
parameters give correct results. See next page.

\ Rochester Institute of Technology
Microelectronic Engineering
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BJT SPICE PARAMETERS EFFECT ON BETA
When BF=419 is used by
. - . . < QRITNPN
itself it gives incorrect ] [ NPN
results .. oF 418
=lc —=
Adding IKF to the model | ORITRPN
helps reduce BF at high ICg|- NPN
@l - 200 BF 416
IKF .06678
Adding IS, ISE and NE — QRITNPN
makes the model give | ar 116
correct results forall IC & 54, IKF 06678
~ s IS 6.734000E-15
\ Rochester Institute of Technology F /\ ISE 6.734000E-15

_ : —— NE 1.259
Microelectronic Engineering e — = |C - - /
E
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IC=VCD FAMILY OF CURVES
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QRITNPN
NPN
IS 6.734000E-15
BF 416
IKF 06678
ISE  6.734000E-15
NE 1.259
RB 10
RC 1
VA 109
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2N3904 FORWARD ACTIVE
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Fit #1: Fit #2
Type: Cursor ' [Mane
_Slp:l] oELlnm _ _"'""
Yint:y 6348m (™
¥int:-112.3370 [
ICS 14:30:05
121772010

2N3904 Conditions:
Swp: SMUT
Start: 00000 v
aq*?-}Nﬁ-#-ﬁrD‘.ﬂ::$ﬂ-_:ﬂ-#-wu:&ﬂ-+#+‘=--ﬁ-ﬂ-+g?°="=?+ 51|‘_‘|F| 30000 V
j,”’ Step: 0.0600 vV
it - asfo] Pis: 51
Step: SMIL2
& - + Start: 0.0000 A
Stop: 0.0500m A
Step: 0.0100m &
Piz. &6
Con: SU3
“al: 0.0000 %
I I ;
1.000 2.000 3.000
VC
C!:lrs-:irs.x . L)
11 1.5000 B.2037m :
800 T4 64%8m What is Beta?
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1| 0.9600 |7.7000m
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TEMPERATURE EFFECT ON FAMILY OF CURVES
2N3904 Conditions:
10.0000m
L Swp: SMUT
Start; 0.0000 v
L Stop: 3.0000 v
7.5000m Step: 0.0600 V
Pts: 51
5 0000m | Step: SMU2
L Star: 0.0000 A
g N . Stop: 0.0500m A
25000m [ I Syep Bo1dm A
o : Con: SMU3
0.0000 L& Val: 0.0000 V
25000m L
0.000 1.000 2.000 3.000
VC
Fit #1: Fit #2: Cursars: X Y
Type: Cursor | [None (1] 1.5000 7.0062m
Sip:0.0806m || |1 15000 '5.3329m
Yint8.4938m ||~ '
Xint-105.3594 | |™ = | 2.5800 8.7018m
c5 143543 <0900 [85712m |
S e Y
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2N3904 INVERSE i
0.0500m .
Swp: SKIL
Start: 0.0000 %
0.0400m o?_“__,_\__,.,.,,-;f+¢:£'_°°°‘”ﬂ' Stop: 3.0000 v
TPRERSEE e e B Step: 0,0600 V
et Pts: 51
D.ﬂaﬂﬂl’ﬂ M
Step: SML2
SRR = Start: 00000 A
Q 0.0200m Stop: 0.0500m A,
. PP PP Step: 0.0100m A
e Pts: B
10.0000u
= — Con: SMU3
(1111 1 1) PP Yal, 0.0000
10,0000y : A N A : | X ; : ) 1 A N ) .
0.000 1.000 2000 3.000
VC
_F|1 #1: _ !’lt #2: y Cl:lrsnrs: ® ) ¥
Type: Cursor Mone 1) 1.5000 0.0390rm -
ISIp:E_EﬁISu [ [ [===11 =000 [ o m390m ' What IS Beta?
(Yint:0.0356m | '
_.‘.‘{int-‘IE.EBEE - _f j_E.E-Eiﬂ _E].[l-HSrn
ICS 14:39:44 | .Z_D.E!EJII _I:I.IHFBm
127200 :
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2N3904 VBE STEPS

2N3904 VBE STEPS oo
2 0000mm
Swp Sk
Start: 0.0000
B L a-a-.a.-@u--:-o-LLL_.-:- . -:-Ef.h.-—-a-v P STEIFIZ 30000 Y
Step: 0.0800 v
1.5000m Pts: 51
i N~ M . - i Step: SMLUL
. Start: 0.6500
g 1.0000m Stop: 0.7000 V
it . — . . — Step: 10.0000m v
Pis. &
0.5000m - y - "1 | Con: SMU3
- - a—u Wal: 0.0000 %
0.0000 1 " i ; 3 ] . N . ,
0.000 1.000 2.000 3.000
VC
_Fil # _ _Fil # 3 CI_JI"'SI:-IS: X _ Y _
Type: Cursor Mone [1) 1.5000 1.2070m -
'SIp:0.0160m | = |[==[15000  [17080m | What IS gm')
:"r“int"l E815m *m ' '
Mint-1047717 | Z|24e00  |1.7210m
IcS 14:43:15 | 0.8400 | 1.6950m
121772010
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PNP FORWARD ACTIVE

2N3906 PNP FORWARD ACTIVE

Conditions:

Swp: ShUA
Start: 0.0000 v
Stop; -3,0000
Step: -0.0800 W
Fis: 51

0.0000

.2 5000m |

Step: SML2
Start: 0.0000 A
Stop; -0,0500m A
Step: -00100m A
Fts: B

(O -50000m

7.5000m & Con: SMU3
L “al: 0.0000 v

~10.0000m i i " i 1 i i i i 1

-3.000 2000 -1.000 0,000
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Fit #1: Fit #2: Cursors: X ¥

’Type: Cursor | [None | I3 +1.5000 [.3.8791m

Slp:0.3352m | == \[>]18000  |.53270m

¥int-6.2610m | |™ o] [

(¥int: 18,6759 [ [== |1==-26400  |-7.1461m

. 14-49:58 [>|-10200  |-6.6030m

1241772010 :
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LAB WORK USING HP4145

Obtain |-V plot for BE junction

Obtain 1-V plot for BC junction

Obtain I-V plot for C-E

Obtain Ic-Vce family of curves for 2n3904 (for different Ib’s)
Extract VA Early Voltage

Extract Beta at 5 different IC values (0.1mA to 100mA)
Obtain Ic-Vce family of curves at elevated temperature
Obtain Ic-Vce family of curves for inverse operation

Extract Beta Inverse

Obtain Ic-Vce curves for different VVbe

Repeat some or all of above for 2N3906
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HOMEWORK - BJT CHARACTERIZATION

Use SPICE to obtain the following:

1. Ic-Vce family of curves for 2N3904

2. Extract VA Early Voltage

3. Extract Beta at 5 different IC values (0.1mA to 100mA)
4. Obtain Ic-Vce family of curves at elevated temperature
5. Obtain Ic-Vce family of curves for inverse operation

6. Extract Beta Inverse

7. Obtain Ic-Vce curves for different Vbe

N
\

Rochester Institute of Technology
g Microelectronic Engineering
' © February 12, 2014 Dr. Lynn Fuller |= Page 30




