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Total electric charge near the junction must be equal to zero. Using this fact, write an equation connecting widths of depletion layers d,,, d, and
impurities concentrations Ng, Ng.

Let A denote the contact area. Since the volume charge density is p = 3=g. N, 4 (+ for holes, — for electrons), the vanishing of the total hole and electron charge
implies AN,d, = ANgyd,, which yields

OtBeT:
Noyd, = Nydy,.
Show that the following equation holds for electric field
dE,
dz  epe’
where p - volume charge density in the corresponding point.
According to the Gauss law for electric fields in the differential form,
. P
divE = —.
€€
Since E = E(x), we have
divi = B
ivE =
dz ’

which proves the required statement.

Find the electric field E, (z) as a function of z. Assume that far from junction the field is equal to 0. Express the answer in terms of N, Ny, d,, dy, €,

eoand ge.

Using the result of part A2, as well as the relationship between concentration and volume charge density p = £, N 4 (+ for holes, — for electrons), we get

o qeNa

dE = <z <0,
T qeNg 0 <
dz T <z <dy,
0, x < —dpor x > dy.

It remains to take the indefinite integral and find the constant of integration. To obtain the answer faster, we will directly evaluate the definite integral. Since
E,(£o00) = 0, we have

T +00
mw:/.mm@:— E'(2) da.
—00 T
We use these relations to get the final answer.
OrserT:
qeNo(z+dy)
(Lo g, <z <0,
— e Ny(z—dn
By(z)={ wMited) o

£0€ )

0, T < —dyor x > d,.


https://pho.rs/p/list/
https://pho.rs/p/en/5401
https://pho.rs/p/en/5401/s
https://pho.rs/p/5401/s
https://pho.rs/
https://pho.rs/p/list/
https://pho.rs/accounts/login/

Find the electrostatic potential <p(a:) as a function of . Assume that cp(O) = 0. Express the answer in terms of N,, Ny, d,,, dp €, €9 and g.. Determine
the potential difference at large distance to the junction Ap = @(z = +00) — p(x = —00).

In the one-dimensional case, ¢'(z) = —E,(z). Using the condition ¢(0) = 0, we can express the electrostatic potential as:
T
o(z) = f/ E,(z)dz.
0

Evaluating the integral explicitly, we obtain:

OTtBerT:
e Nady
T T2ege ! il‘<—dp,
GeNo(2? + 2dyz
Nl + 247) dp), —d, <z <0,
(@) 2e0€
plr) = Ny(2d,z — 2
Nz =) g
2e0€
N, 2
Qe ddfn (EZCln
2e€
OtBeT:

qe(Nadg + NderL)

Ap= ————~.
¢ 2e€
Draw a qualitative plot of the potential ¢(z) as function of .
OrBerT:
¥
| geNady __ ___
2€eq |
|
|
|
|
|
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_dp dn X
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_—_ ____1 . qe N, di
2eey

Actually, the potential difference is determined by the material properties and the temperature. Knowing the potential difference, one can calculate
depletion layers widths. Express the widths dy,, dj, in terms of A, Ng, Ng, €, €9 and ge. Calculate their numerical values for Ap = 0.8 V.

From part A4 we have

Qe(NadI% + Ndd%)

Ap =
¥ 2ee



Using the equation N,d;, = Nqd, obtained in part A1 we get

NZ
e Nod} + -2
A a ( v T Nddp) QeNa(Na‘f“Nd)dg
v 2e¢ n 2ee0Ny
Similarly we have
Qe (N_dzd% + Nddr%)
Ao — Na - QENd(Na+Nd)d%,
= 2e¢ N 2eeo N, '
what implies the answer:
OrBerT:
2€€0A Nd
d, = —cp =~ 58.7 nm,

i QeNa(Na+Nd)
2ee0ApN,

d, = |—27PT 1175 nm.
QeNd(Na+Nd)

Determine the maximum value of the electric field in the junction Ey.x. Express the answer in terms of Ay, Ny, Ny, €, €9 and ge. Calculate its
numerical value for Ap = 0.8 V.

It follows from the E,(x) dependence obtained in part A3 that the maximal absolute value of the electric field is achieved at z = 0 and equals

- QeNadp
T e
Substituting the expression for d}, obtained in part A6 we get
OrserT:
2. ApN,Ny
i = ¢ |20 9,08 - 10° V/m.
eeo(N, + Na)

Let n19 denote the concentration of electrons in p-type semiconductor without external voltage. Similarly let p1g denote the concentration of holes in n-

type semiconductor without external voltage. Determine electron concentration n; in p-type semiconductor and hole concentration p; in n-type semiconductor
after the voltage V is applied. Consider region outside of depletion layers, where electric field is zero. Express the answers in terms of pyg, n19, V, T, k and g.

It follows from the formula for the distribution of n(z) that

n(z = +00) . (_ Up(x = +00) — Up(x = —00) )

n(z = —o0) kT

Before the voltage is applied, we have n(z = +00) = Ny, n(z = —00) = ny. After the voltage is turned on, the difference of potential energies
U,(z = 400) — U,(z = —o0) for a single electron changes by (—¢,) - (—V) = ¢, V. According to the problem text, the electron concentration in the n-type
semiconductor equals N, for any voltage. So after applying the voltage we still have n(z = 4+00) = Ny, butn(z = —00) = n,. Thus we get

No_ [ aV) N
ny P kT ni’

qV
ni = nip - €EXp LT .

which implies

The expression for p; can be obtained similarly. It follows from the formula for the distribution of p(z) that

p(z = +00) - ( Up(z = +00) — Up(z = —o0) )
—— —exp| — .

p(z = —o0) kT

Before the voltage is applied, we have p(z = +00) = p1g, p(z = —00) = N,. After the voltage is turned on, the difference of potential energies
Up(z = +00) — Up(x = —00) for a single hole changes by ¢. - (—V) = —¢. V. According to the problem text, the concentration of holes in the p-type
semiconductor equals N, so that after applying the voltage we still have p(z = —00) = N, but p(z = +00) = p1. Thus we get



which implies
_ gV
P1 = P10 - €Xp vT )

OtBerT:

¢V .V
n1 = Ny * €Xp T )’ P1 = P10 - €Xp =T )

Consider the volume between the planes with coordinates « and « + Az (Fig. 3). Write down the condition that the holes concentration in this volume

does not change. Take into account the holes flux through the two planes and holes recombination. In the limit Az — 0 obtain a differential equation for the
concentration deviation from equilibrium value Ap = p; — pig as a function of . The answer may also include D, and 7.

Let A denote the cross section area of the n-type semiconductor. Consider a small time interval At and calculate the change number of holes change within the

d
small volume under consideration over this time interval. The change due to recombination is (%) AAxAt. The changes due to diffusion through the two
rec

planes are Jp,(z) AA¢ (at coordinate z) and —J,(z + Axz) AAt (at coordinate « + Axz). The total number of holes, and therefore concentration, are constant,
so the total change must be zero:

d
<%> AAzAt+ J(2) AAL — J,(z + Az) AAt = 0.

Thus we get
dp - Jp(z + Az) — Jp(z) _ dJp(z) . a’py
dt ). Az de P da?
Since Ap and p; differ by a constant,
’py B d*Ap
de?  dx?

Taking into account the equation

we obtain:

OTBgerT:

d’Ap Ap

da? Dy

Find the distance L, over which the deviation of holes concentration from equilibrium decreases by e times. Express the answer in terms of D, 7.

Compute numerical value for D, = 1.0 - 10~® m?/s, 7, = 5.0 - 10" s.

The general solution of the equation from part B2 has the following form:

T T
Ap=aexp| ———— | + bexp| —
Dy Dy

for some coefficients a and b. As x — +o00 the hole concentration must approach the equilibrium value pyg, so that Ap — 0, and thus b = 0. Therefore,

Ap ~ exp| ——— |,
7pDp

and hence Ap changes by a factor of e when x changes by

OTBerT:

L, = \/7,Dp~2.24-10° m.



Determine the hole concentration p; () in region > d,, as a function of coordinate (in n-type semiconductor outside of the depletion layer). Express

the answer interms of pig, V., T, Ly, dy, k and ge.
From the expression for Ap obtained in part B3, we find for > d,,:
T
pi(x) =po+aexp| —— |,
Ly,
where a is some coefficient. Within the depletion layer, the concentration p(x) obeys the Boltzmann distribution. Therefore,

pld) _ o ( Up(dn) — Up(—dy) )

p(—dy) kT

According to the problem text, the electric field outside the depletion layer can be assumed to be zero, so the voltage change falls entirely within the region
—d, <z < d,.Therefore, when the voltage is applied, the potential energy difference Up(dn) - Up(fdp) for a single hole changes by —¢,.V, so that similarly
to part B1 we can write

Pl(dn)iex gV puo
N,  P\%T )N,

which implies

v
p1(dy) = eXP(%)Pm =Dpio + anP(*%)v

q.V dy,
a =Py (exp<ﬁ> — 1) exp(L—p>.

so that

OtBerT:

.V -
pl(m) = P1o +p10 <exp<(2—T> 71) eXI)(*J:Ldn)
P

Determine the density of hole diffusion current j, at the boundary of depletion layer = d,,. Express the answer in terms of pig, V, Ly, D,, T, k and
Ge-

To calculate the current of holes, let us consider the n-type region near the boundary of the depletion layer, where the flux of holes is determined by diffusion:
dpp Dypo .V T —dy
J =—-D,— = ex — 1) exp| —
g Paz L, \“P\&T P\TTL,

7DpP10 ox .V .
—TL, \"P\%r '

z=d,

The current density is j, = qup, which yields

OTtBerT:

The junction cross section area is A. Derive the expression for the total current I through the junction as a function of applied voltage V,
semiconductor parameters N, Ny, Ty, Tn, Dy, Dy, n; and constants k, ge.

Similarly to part B5, the expression for the electron current has the form

. GeDynio ox .V 1
In = —Ln p 5T .

Taking into account that



-Tuw -Tw

n we find the required current as the sum of the hole and electron currents:

qu DP Dn
I=q.An? 1) = )
vt (o (3r) 1) (5 o)

Using the answer in part B3, we obtain:

OtBerT:

) .V 1 |D, 1 /D,
I =g An; | exp T -1 N, 7+Na el

Draw a qualitative plot of the relation I(V'), obtained in previous task.

OTtBerT:

Calculate the numerical values of the saturation current I, at large negative voltage, and the value of current I; for V= 0.7 V.

1 D 1 D,
IoozquTll2 (E“T;+ N 1/T—:> —577-1071¢ A,

and the currentat V = 0.7 V equals to I; = 3.23 - 1074 A.

The saturation current is

OTBerT:

Io=577-100%A I, =3.23.107*A.
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