Solu,tionsr to Chapter 2 Problems
Fundamentals of III-V Devices, by W. Liu

1. (a) For the (M) Alg 35Gag 65As/ (p) GaAs heterojunction:
According to-Example 1-3, N, for Alp 35Gag.esAs is 3.72 X 1017 cm-3. n/N, =
2/3.72 = 0.54. From Fig. 1-21, we locate 0.54 from the y-axis. The corresponding x-axis

value is - 0.4. Therefore, Ef- Ec = 20.4 x0.0258 =-0.01 eV. Therefore, ®y =0.01eV. -
For GaAs. N, = 4.7 x 1018 cm™3. p/N, =5/4.7 = 1.06. From Fig. 1-21, we locate 1.06
from the v-axis. The corresponding x-axis value is 0.4. Therefore, E, - Ef= 0.4 x0.0258
=0.01eV. Therefore, @, = - 0.01 eV. From Eq. (2-14), ¢p; = 1.668 eV o= 1.6115 V;
Ppo= 0.0564 V; XN, = 0.104 um; Xpo =4.15x 103 um.
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We shall use the following parameters for InGaAs: Eg =0.75eV, Ny =6 x 1018 cm3; €,
= 14; and for InP: Eg = 1.35eV, No = 5.8 x 1017 cm3; €, = 12.6. The valence band

discontinuity is 0.37 eV. For the InP, n/N. = 2/5.8 = 0.345. From Fig. 1-21, we locate
0.345 from the y-axis. The corresponding x-axis value is - 0.9. Therefore, Ef- Ec=-0.9

% 0.0258 = - 0.023 eV. Therefore, @y = 0.023 eV. For the InGaAs, p/N,=5/6=0.83.
From Fig. 1-21, we locate 0.83 from the y-axis. The corresponding x-axis value is 0.2.

Therefore, Ey - Ef=0.2 X 0.0258 =0.005 eV. vTherefore, &, = -0.005 eV. From Eq. (2-
14), ¢pi = 0.962 V; ¢no= 0.9285 V; ¢p0= 0.0335 V; Xno = 0.0805 pm; Xp, = 3.22 X 10-3
um. S
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(b) Emm.(l\_’!_&l%%,ﬁ 65As/ aAs heterojunction: ‘ .
* For the AlGaAs, n/N,= 10/3.72 = 2.7. From Fig. 1-21, we locate 2.7 from the y-

axis. The corresponding x-axis value is 2. Therefore, Ef- Ec =2 X 0.0258 = 0.0516 eV.

Therefore, @y = - 0.0516 eV. For GaAs, p/N, = 100/4.7 =21.3. From Fig. 1-21, we
locate 21.3 from the y-axis. The corresponding x-axis value is 9.2. Therefore, Ey - Ef=

9.2 X 0.0258 = 0.237 eV. Therefore, @, =-0.237 eV. From Eq. (2-14), ¢pi = 1.9566 V;
¢No= 1.9388 V; ¢p0 = 0.01788 V; Xy, = 0.0509 um; Xpo = 5.09 x 10-4 pum.
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0.53Gag 47As heterojunction: -

For the InP, n/N. = 10/5.8 = 1.72. From Fig. 1-21, we locate 1.72 from the y-axis.‘
The corresponding x-axis value is 1.2. Therefore, Ef- E. = 1.2 x 0.0258 =0.031 eV.

Therefore, @y = - 0.031 eV. For the InGaAs, p/N,, =100/ 6 = 16.7. From Fig. 1-21, we
locate 16.7 from the y-axis. The corresponding x-axis value is 7.8. Therefore, E, - Ef=

7.8 x 0.0258 = 0.20 eV. Therefore, &, = - 0.20 eV. From Eq. (2.14), ¢pi = 1.211 V;
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ono= 120 V; ¢p0 = 0.0108 V; Xy, = 0.0409 pum; Xy, = 4.09 x 104 pm.
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2. (a) Forthe (N) Alg 35Gag ¢5As/ (p) GaAs heterojunction:

Although pn = n;2 holds only for non-degenerate semiconductors, we ‘will continue to use
it for all samples. According to Example 1-2, n; for Alg 35Gag.65As is 3.6 X 102 cm3.
Also, n; for GaAs is 1.79 x 106cm™3. Atx = Xyp, n=2x 1017 cm3 and p = n2/n =
(3.6 X 102)2/(2 x 1017 =6.5 x 1013 cm-3. Atx =0*, we use Eq. (2-17) to find n,
knowing that ¢no= 1.6115 V. So, n at x = O* is equal to 2 x 1017 x exp( - '
1.6115/0.0258) = 1.5 x 10-10cm3. Further, we use Eq. (2-18) to find p at x = 0*, which
- is equal 10 6.5 X 10-13 x exp(1.6115/0.0258) = 8.7 X 1017 ¢cm-3.

Now, let us find the p-side. Atx=-X,9, p=5x1018cm3 and n=n2/p = (1.79 X
106)2/(5 x 1018)=6.2 x 107 cm3. At x = 0, we use Eq. (2-19) to find p, knowing that
#po=0.0564 V. So,p atx = 0-isequal to 5 x 1018 x exp( - 0.0564/0.0258) = 5.6 X 1017
cm-3. Finally, we are ready to find n atx=0-. Weuse n=n;?p = (1.79 x 106)2/(5.6 x
©101M=57x106cm3. : \ v ‘

We tabulate the results: .
) nly=0+  Plx=0+ Mx=XNo Plx=xnoni (AlGaAs) plx=0-  Nlx=0- P|x=-Xpo nlx:-Xpo n; (GaAs)

(cm3) 1.5E-10 8.7E17 2E17 6.5E-13 3.6E2 5.6E17 5.7E-6 S5E18 6.2E-7 1.79E6
logio -9.8 1794 173  -12.1 256 17.75 -5.24  18.7 -6.2 6.25
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For the (N) InP/ (p) an_aQ__As heterojunction:

nj for InP is 1.05 X 107 cm-3. Also, n; for InGaAs is 6. 31 x 101! cm3. Atx= XNO,
i=2x 1017 cm3 and p = n2/n = 5.5 x 104 cm™3. Atx = 0%, we use Eq. (2-17) to find n,
knowing that @n,= 0.9285 V. So,n at x = 0* is equal to 2 x 1017 x exp( - :
0.9285/0.0258) = 4.7 x 10! cm3. Further, we use Eq. (2-18) tofindp at x = 0+, which is
- equal to 5.5 X 10-4 x exp(0.9285/0.0258) = 2. 3 x 1012¢cm3.

Now, let us find the p-side. Atx=-Xp0,p=5x 1018 cm3 and n = n2/p = (6.31 X
1011)2/(5 x 1018) = 8.0x 104 cm3. Atx = 0", we use Eq. (2-19) to find p, knowing that
" Bp0= Obi- ONo=0.0335 V. So,p atx =0 is equal to 5 x 1018 X exp( - 0.0335/0.0258) =
1.4 x 1018 cm-3. Finally, we are ready to find natx=0-. Weusen = ni2lp = (6.31 x

1011)2/(1.4 x 1018 =28 x 105 cm-3.

We tabulate the results: '

. nlx=0+ Plx=0+ nlx=XNo Plx—XNo n; (InP) Plx=0-  Nlx=0- Plx=-Xpo n|x'=-xpon,- (InGaA:
(cm3) 4.7E1 23E12 2E17 5. 5E-4 1.1E7 14E18 2.8E5 SEI18 8E4 6.3Ell
logio 1.67 124 17.3 -3.25 7.0 18.1 5.4 18.7 4.9 11.8
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(b) For the (N) Alg 35_(3_a_9_,_’6§As/ (p) GaAs heterojunction:

" n; for Alg.35Gag 65As is 3.6 x 102 cm-3. Also, n; for GaAs is 1.79 x 100 cm3. Atx=
Xno,n=1X 1018 cm3 and p = ni?/n = (3.6 X 102)2/(1 x 1018)=1.3 x 10013 cm3. Atx=
0+, we use Eq. (2-17) to find n, knowing that @no= 1939 V. So,natx=0"%is equal to 1
x 1018 x exp( - 1.939/0.0258) = 2.3 x 10-15 cm-3. Further, we use Eq. (2-18) to find p at
x=0+is n2/n= (3.6 x102)2/(2.3 x 10-15) = 5.6 X 1019 cm?3.

" Now, let us find the p-side. Atx=-Xp0,p=1X 1020 cm3 and n = n2/p = (1.79 X
106)2/(1 x 1020)=3.2 x 108 cm3. Atx =0, we use Eq. (2-19) to find p, knowing that
Ppo= 0.01778 V. So, p at x = 0" is equal to 1 X 1020 x exp( - 0.01778/0.0258) = 5.02 x
1019 cm-3. Finally, we are ready to find natx =0 . Weusen = niZlp = (1.79 x
106)2/(5.02 x 1019 =6.38 x 10-8 cm™3. " -

We tabulate the results:

njx=0+  Plx=0+ nlx=XNo Plx=XNo%i (AlGaAs) phk=0-  nlx=0- .Plx:-Xpo Nx=-Xpo Ni (GaAs).

- (cmr3) 2.3E-15 5.6E19 1E18 1.3E-13 3.6E2 5.02E19 6.38E-8 1E20 3.2E-8 1.79E6
loglo -14.6 19.75 18 -12.9 2.56 19.7 -1.2 20 -749  6.25
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3. (a) For the (W) Alg 35Gag 65As/ (p) GaAs hetcrojgnctig‘n:

Let's calculate for V,= 0.5 V first. From the solutions of Problem la, we see that @y

=0.01 eV and @, =-0.01 eV. Vyp is calculated to be 0.0177 V. Von= Vg - Vg, =0.4823
V.. The built-in voltages at the two s1des of the junction, which are critical to the

construction of the band diagram, are the following. @, = @po - Vap = 0. 0413 V; ¢n = dno
- -Van=1.127V. The depletlon thicknesses, according to Eqs (7-41) and (2-42) are, X,

=347 x 107 cm and Xy = 8.68 x 106 cm.
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Lct s calculate for Vo=-5 V Vap is ca]culated tobe-0.177 V. Von= Va Vap =-4.823
V. The built-in voltages at the two sides of the junction, which are crltlcal to the

construction of the band diagram, are the following. @p = @po - Vap =0.236 V; ¢ = ONo -
Van = 6.432 V. The depletion thicknesses, accordmg to Eqs (2-41) and (2-42) are, Xp =

8.30 x 10-7 cm and Xy = 2.74 x 10-5 cm.
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The Fermi levels are nearly on top of the valence band in GaAs and the conduction band in

AlGaAs.

For the (N) InP/ (p) Ing 53Gag 47As heterojunction:
" Let's calculate for V,= 0.5 V first. From the solutions of Problem 1a, we see that @y

=0.023 eV and @p = - 0.005 eV. Vgp is calculated to be 0.01737 V. Von=Vg-Vgp =
0.4826 V. The built-in voltages at the two sides of the junction, which are critical to the

construction of the band diagram, are the following. ¢p = @po - Vap = 0.01605 V; ¢y =
ONo - Van = 0.4459 V. The depletion thicknesses, according to Egs. (2-41) and (2-42)
are, Xp = 2.23 x 1077 cm and Xy = 5.57 X 106 cm. '
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Let's calculate for Va=-5V. Vgpis calculated to be - 0.1737 V. VN = Vg - Vgp = -4.826
V. The built-in voltages at the two sides of the junction, which are critical to the
construction of the band diagram, are the following. @p = ¢po - Vap = 0.207 V; on= ONo -
VaN = 5.755 V. The depletion thicknesses, according to Egs. (2-41) and (2-42) are, Xp =

8 b



8.01 x 10-7 ¢cm and Xy = 2.00 x 103 cm.
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(b)  Forthe (N) ALMQQMAS/ (p) GaAs heterojunction:

Let's calculate for V,= 0.5 V first. From the solutions of Problem 1a, we see that Oy

=-0.057 eV and P, =-0.237eV. Vgpis calculated to be 0.00454 V. Vyny= Vg - Vgp =
0.4955 V. The built-in voltages at the two sides of the junction, which are critical to the

construction of the band diagram, are the following. @p = @po - Vap = 001324 V; ¢y =
@ONo - Van=1.4433 V. The depletion thicknesses, according to Eqgs. (2-41) and (2-42)
are, X, = 4.39 x 10-7 cm and Xy = 4.39 X 10-6 cm.
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Let's calculate for V,=-5 V. V,, is calculated to be - 0.0454' V. Voy =V, - Vgp=-4.955
V. The built-in voltages at the two sides of the junction, which are critical to the

construction of the band diagram, are the following. @p = @po - Vap = 0.0632 V; N = ONo
- Von = 6.893 V. The depletion thicknesses, according to Egs. (2-41) and (2-42) are, X,

=9.60 x 10-8 cm and Xy = 9.60 x 106 cm.
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For the (N) InP/ (p) Ing.53Gap 47As heterojunction:

" Let's calculate for V, = 0.5 V first. From the solutions of Problem 1a, we see that @y

=-0.031eVand @, =-0.20eV. Vg is calculated to be 0.00446 V. Vyy= V- Vgp =
0.4955V. The built-in voltages at the two sides of the junction, which are critical to the

construction of the band diagram, are the following. @¢p = @po - Vap = 0.00634 V; ON =
@No - Van =0.7047 V. The depletion thicknesses, according to Eqgs. (2-41) and (2-42)
are, Xp = 3.13 x 107 cm and Xy = 3.13 X 106 cm.

Band Energy (eV)
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Let's calculate for V,=-5 V. Vg is calculated to be - 0.0446 V. Vgy= Vg - Vgp =-4.955
- V. The built-in voltages at the two sides of the junction, which are critical to the

construction of the band diagram, are the following. @ = @po - Vap = 0.0554 V; ¢n = @No
- Van = 6.156 V. The depletion thicknesses, according to Egs. (2-41) and (2-42) are, Xp

=9.26 % 10-8 cm and Xy = 9.26 x 106 cm.
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3. According to Eq. (3-26), and the fact that Jg s¢r = Jpp ~ 0:

_1_=JB.bplk+2KBsurf( 1,1 )

g Jc Jo \Wg  Lg
When Wgx Lg =10 x 30 um2, f = 30. When Wgx Lg =2 x 30 um?2, B = 10.
Therefore,

Jebulk | A Kpsurf( 1 1
0.0333 = 2
R PR (1()*30)
Ik | 5 Kpsurl (1, 1
0.1= 2 +
e TP e (3+50)

These two equations yield that, JB bulk/Jc = 0.0111and Kp gurt/Jc = 0.0833. Therefore.
for the device with an area of Wg x Lg = 5 X 30 um?, the current gain is:

L-00111+2- 008333( ') 0.05
8 | 5730

That is, = 20.

4. Let us call the bulk recombination current in the absence of the base field as
IB bulko, and the bulk recombination current in the presence of the base field as Ip pulki-
Accordmg t0 the question, /B scr = IB bulko: When there is the base field, the base electric

field factor, according to Eq. (3-35), 1s,
_2x10*
T 0.0258
The factor f{k) evaluated from Eq. (3-37b) is,

1 1 ,775)=
flrE 75( 775 Y775 ¢ )=0.225 .

The base transit time, according to Eq. (3-37a), is proportional to f{x). Further, the base
bulk recombination current is directly proportional to the base transit time. These

dependencies lead to: Ig pulk1 = 0.225 X I bulko-

The current gain in the absence of the base electric field is Ic/(Ip,scr + IB, bulk0) =
Ic/(2Ip puiko)- The current gain in the presence of the electric field is Ic/(I B.scr + 1 B,bulk1)
=Ic/(1 2251 Jbulko). The change in the current gain is thus

Ap -
2 (ks 4]t

5. No, because the two test devices are both of large areas. The surface recombination is
negligible compared to other base current components. In order to validate his claim, the

graduate student needs to measure current gains from, for example, 4 x 4 um? and 100 x
100 um? devices.

1000 x 10 =7.75

6. (a) n(x) =A sinh(x/L,) + B cosh(x/L,), and
n2
n(O) =L pqVeelkT '
N ; n(Xp)=0.
We note that the second boundary condltlon allow us to rewrite the original n(x) expression
as, n(x) = C sinh[(Xp - x)/L,]. Now at x = 0, we then have,
2
n(0 )=-1'—:—;—-—qu8¢"7 = C sinh XB-

B .
From which, we obtain the expression for C as 71(0)/ sinh(Xp /L,). Thus,

30



)= k()
sinh| £ | n :
(b) Writing out the definition '{hat sinh(y) = [exp(y) - exp(-»)}/2, we have,
= ’7(0) XB‘X XB-_X
n(x)= exp ~exp| - -SBI~
(XB ) ( XB ) Ln Ln
exp| £ |-exp| -5+
. Ly Ly
(c) The base charge is equal to
XB
o x -~y \ e
Op = qAEn;O)f sinh(X’L X dx:dAE”(g)L"(-COSh(X’Z x | Pe
sinh —ﬁ) 0 n sinh(——”— no 10
] LH LH
o8 o3
sinh(——’i n
n
(d) IC-- qAE Dn d;(x) qAE Dnn)({()) osh ( XIZ' d )L
) X Ix=Xp L,,sinh(-——B—) n = Xp
L,
Ir= qAEDnn(O)
L, sinh "—fﬁ-)
Ly,
when Xpg/L, « 1,
o= gAg D (0) _ gAg Dyn(0) _ gAEDn ni? eqVee/kT
. X8 -~ Xp Xp Np
. n Ln
. X
L, sinh| £&
Os qAEn(O)Ln( (XB) ) " (L ) L2( (XB) )
===t =t — LBl 1|X —2 =1 h{==2]-1
©  B=7 (%) cosht T, #AzDyn(0) D, L,
sinh o
. _

cosh.(y)- 1 =Ly—+—§-2;2-:2'(§—y£2—+i£,—/3)2=2sinh(%)
Hence,

- 2Ln2 inh2 ( _}_(_B_
Tp = D, sinh oL,
when Xp/L, « 1, :

v 2

D, \2L, 2D,
() From Eq. (3-14),
="~ Dy, 1 = 1
Ty - 2L,2 g 2(2{3_) : hZ(_X_B)
n smh oL, 2 sin 5L,
- d n(x) _qAEDnn(O) (XB-JC)[t
7. (a) | Ig=qAg Dy Ix = X; cosh T o

=0 L, sinh(—-—)

gAEDnn(0) - (XB)
Ip=2—="% " Zcoth| ==+
E Ln CcO L,,

(b) Ic was determined in part (d) of Problem 6. Ig = Ig - [cis given by:
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