Module: Advanced Semiconductor Physics
Series TD4 of Chapter IV: p-n Junction diode and solar cell

Exercise 1: Poisson’s Equation and Depletion Analysis in a Silicon p-n Junction

Consider a one-dimensional abrupt p-n junction at equilibrium, with doping concentrations
N, = 108 cm~30n the p-side and N, = 101® cm™30n the n-side. The intrinsic carrier concentration is
n; = 1.5 x 10 cm™3, the dielectric constant is &£ =11.7-g,, and the vacuum permittivity &, is:
gy = 8.854 X 10~ F/cm , the thermal voltage at T = 300K is V; = kzT = 0.025875 eV. Assume complete
ionization and depletion approximation. 1-Poisson’s Equation: Solve the one-dimensional Poisson’s
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equation

X
side (0 <x < x,): p(x) = +qNp, apply the boundary conditions: ¥(—x,) =0, Y(x,) =V, and the

continuity of electric field at x = 0: £,(07) = E,(0¥) to derive expressions for: (a) Electric field £ (x) = — ﬂ,

dx
(b) Electrostatic potential 1(x). 2- Depletion Width: Using the built-in potential V; = V;.In (Nfl#), derive
the total depletion width W = x,, + x,, as a function of V4, Ny, and Np.3- Numerical Evaluation: Calculate:

(a) The built-in potential V; in volts. (b) The total depletion width W in cm and pm.

in the depletion regions: For the p-side (—x, < x < 0): p(x) = —qN,, for the n-

Exercise 2: Minority Carrier Dynamics and Diffusion Current in a Silicon p-n Junction

Consider a silicon p-n junction at thermal equilibrium with bandgap energy E, = 1.12 eV, effective masses
m, =1.08m, and m; =0.56m, temperature T =T, =300K, effective density of states
Ny = 2.508 x 10'° ¢cm™3, and thermal energy kgT = 0.025875 eV. (1) Write the steady-state continuity
equations for minority carriers: electrons in the neutral p-type region and holes in the neutral n-type region.
(2) Solve these equations assuming constant diffusion coefficients and the following boundary conditions:
n,(—xp) = Nyoe /%87, n,(—d,) = nyo, Pn(Xn) = Proe?’/*87, and p, (d,,) = pno- (3) Derive expressions for
the minority carrier diffusion current densities at the edges of the depletion region:
Jn(—xp) = qDy % l-x,, and J,(x,) = —qD, % |x,- (4) Finally, calculate the total current density /(V) and
show that it follows the ideal diode equation J(V) = J,(e?"/*8T — 1), where ], is the reverse saturation
current density determined by the equilibrium minority concentrations and diffusion parameters.
(5) calculate J, value for N, =10®¥cm™3 and N, =10 cm™3 with p, = 1350cm?/(V.s) and
ty =450 cm?/(V.s), 7, = 7, = 1077 s.

Exercise 3: Illumination-Induced Carrier Dynamics and Photovoltaic Response in a Silicon p-n
Junction solar cell

A silicon p-n junction is formed with acceptor concentration N, = 108 cm
Np = 10° cm™3, operating at temperature T =T, = 300 K. The material has a bandgap energy
E;, =1.12eV, relative permittivity & =¢g.6 =11.7-8.854x 10" F/cm, and effective masses
my = 1.08 mg, mj, = 0.56 m,. Carrier mobilities are y,, = 1350 cm?/(V.s) and p, = 450 cm?/(V. s), with
minority carrier lifetimes 7,, = 7, = 1077 s. The junction is illuminated with monochromatic light of

~3 and donor concentration

intensity F,, = 0.099 W/ cm” and wavelength A = 0.55 um, assuming each photon generates one electron-
hole pair and the generation rate is uniform across the depletion width. Calculate: (1) the depletion width
W, (2) the photocurrent density J,,, in A/cm?, and (3) the open-circuit voltage V. at 300 K.



Solutions

Y@ _ p(x)

Exercise 1: 1- Poisson’s Equation Solution: In the depletion approximation, solving e yields
linear electric fields and quadratic potentials. For the p-side (—x, < x < 0), p(x) = —qN,, so —w = % =
% N4 S (x+x,)=> E(X) = (— %) (qNA) (x+x,) and Y(-x,)=0 so P(x)=-—= (x + x,)2.
For the n-side (0<x<x,), pk)=+qNp, so %f =— (%) = % = (qND) (x —x,) and
E(x) = (— %) = (%) (x —x,) and Y(x,) =V; s0 P(x) =V; — (qND) (x — x,,)?. Continuity of electric

field at x = 0 gives E(07) = —M E(O+) — dp¥n Nyx, = Npxy.. 2- Depletion Width Expression:
The built-in potential is V; = V;In ( ) and total depletlon widthis W = x,, + x;.

) Wandy(0) =V, — (qND) x2 = (q2 A) x% which leads to :
Ng

Np+Ngy W) + Ny (ND+NA ) ]
qw? [NDNi+NAN5] _aw? [NDNA(ND+NA)] Simplify: V, = aw? M]

Depletion widths: x,, = ( Na )W, x, = (

Np+Ngy Np+Ng4y

Npx% | aNax}
V, =125 4 T4 Therefore : V; = - [N, (
2g 2e 2¢&

Factor out W2:V,; =

2¢ (Np+N4)? 2¢e (Np+Ny)? 2¢& Np+Ny
Final Step: Solving for W:w? = (Zevd) (ND+NA oW = 2£Vd ND+NA).
q NpNa4 NpNy

16
3-Numerical Evaluation: (a) With Vr = 0.025875 eV, V; = 0.025875 - In (ﬁ) ~

0.025875 - In (4.44 x 10'3) ~ 0.025875 - 31.42 ~ 0.813V. (b) Using £ = 11.7 - 8.854 x 107 1* =

2-1.0358><1o-12-0.812( 1
1.6x10~19 1018 1016

1.0358 x 10712 F/cm, we find W = \/ ) ~ 3.26 X 107° cm = 0.326 um.

Exercise2:

d?np(x)
dx?

(1) The steady-state continuity equations for minority carriers are D,, (
dzpn(x)) — Pn(X)—Pno
dx? Tp

Any,(x) = ny(x) —nye and Ap,(x) = pr(x) — Pno, We obtain homogeneous second-order equations:
2 2
dany _ (Aﬂ) and L2 — (%), where L, =./D,t, and L, =,/D,7,. (2) The general solutions are

dx? L% dx? L
Any,(x) = Ae*/n = Ny, (x) = Npo + Ae*/n, and Ap,(x) = Be™/'v = p,(x) = pno + Be */tr. Applying the
boundary conditions n,(—x,) = n,e?"/*eT, n,(—d,) = n,y, we find A = (n,,e?"/*8T —n,;)e*r/in, so

) = (np(x:_npo) for electrons in
n

the neutral p-type region and D, ( ) for holes in the neutral n-type region. Defining

Ny (X) = Mo + (Noe /%87 — nyg)e )/ in; similarly, using p, (%) = Proe?"/*=", pp(dy) = Ppo, we find

B = (pnoe?/*8T — po)e /v, so p,(x) = ppo + (pnoqu/kBT — Pro)e~ ¥ /Ly (3) The diffusion current

densities are Jn(=xp) = qD, =2 —L |-y, = qDn Zp0 (gaV/keT _ 1) and
n

Jp(n) = —qDp — Pn |, = Dy 7 M (e?V/kBT — 1), (4) The total current density is

JV) = oty = S48 1), where Jy = g+

densities of states: N, = Ny(m%/m,)%/? = 2.816 x 1019 cm’3 N = Ny(m},/my)3/? = 1.051 x 10*° cm~3,we

2

—/). (5) Using corrected expressions for effective

compute = /N N,e Ea/2kET ~ 6,86 x 107 ,then n,, = —- = 47.05 cm ™3, and
2 _ 4 .- _ MnkpT _ _ HpkeT _ 2
Pno = n?/Np = 4.705 x 10* cm3, D, = — = 34.931c¢m? /s and D, = = 11.64 cm* /s,
L, =/ D,7,, = 1.868 X 1073 cm, L, = /D,t, = 1.078 x 1073 cm, and finally
_(34931x47.05 & 11.64x4.705x10%) —11 9
Jo = ( 1.868x1073 1.078x103 ) = 8.142 x 107 A/cm

2



Exercise 3:

(1) To calculate the depletion width W, we first compute the intrinsic carrier concentration using
N.N,, - e~ Eg/(2k8T)  \where N, = NO(Z—i)W = 2.508 x 10%° - (1.08)3/? =~ 2.816 x 10*° cm™3, and

N,, = 2.508 x 10 - (0.56)%/2 ~ 1.051 x 10*° cm~3, giving
= \/2 816 x 1019 - 1.051 x 1019 . ¢~112/(2:0025875) ~ 6 86 x 10° cm™3; then the built-in potential is

NAND 1015 o . _ . -14 _
Vyi k5T 1 ( ) = 0.025875 - In (—(6 86><109)2) ~ 0.79 V. Now using ¢, = 11.7 - 8.854 x 10 = 1.0359 x

10712 F/cm, the depletion width is W = \/285- Ubi ~ \/2'1'0359“0_12 27~ 1.011 pm. (2) The

—-19 1 1
(1/N4+1/Np) 1.602x10 (ﬂ+ﬁ)
. __ hc _ 1.986x107'¢ _ 1.2424(wm.eV) _ .
photon energy is Ep, = 7= ossxiot = ossqumy 2.25eV, so the photon flux is
_ Po_p _ Po_p _ 0.099.X0.55 ~ 17 2 . . .
= Eph = rea A= (1 e 1.602><1o-19) ~ 2.74 X 10"/ photons/cm” -s, and the generation rate is
G=— (2 74 X 0— X 104) = 2.71 x 10** cm™3 - s7%; thus, the photocurrent density is J,, = gGW =
1.602 X 10719 2.71 x 1021 - 1.011 x 10~* ~ 4.39 x 1072 A/cm?. (3) Before calculating the open-circuit
voltage, we recall the reverse saturation current density formula: J, = (@ + Dppno) where
D, = 34.931 cm?/s, D, = 11.64 cm?/s, L, = /D, 7, = 1.868 x 103 cm, L, = /D, 7, = 1.078 x 1073
Nyo = ni /Ny = 47.05cm™3, and Pno = n?/Np = 4.705 X 10* cm ™3, yielding
_19,34.931-47.05 | 11.64-4.705x10* _ ' N .
Jo =1.602x10 19(1868X10_3 o) ~ 8142 %10 11 A/cm?; finally, the open-circuit voltage is
kgT Jpn 4.39x1072
VOC === In ( 2 + 1) 0.025875 - In (m + 1) ~ 0.52V.



