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3.4.1 Ideal Characteristics

We now derive the ideal current-voltage characteristics based on the following

assumptions:

(a) the depletion region has abrupt boundaries and, outside the boundaries, the

semiconductor is assumed to be neutral;

(b) the carrier densities at the boundaries are related by the electrostatic potential

difference across the junction;
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(c) the low-injection condition, that is, the injected minority carrier densities are

small compared with the majority carrier densities (in other words, the majority

carrier densities are changed negligibly(ناچیز) at the boundaries of neutral regions by

the applied bias);

(d) neither generation nor recombination current exists in the depletion region and

the electron and hole currents are constant throughout the depletion region.

 Departures from these idealized assumptions are considered in the next section.
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At thermal equilibrium, the majority carrier density in the neutral regions is

essentially equal to the doping concentration.

 We use the subscripts n and p to denote the semiconductor type and the subscript o

to specify the condition of thermal equilibrium.

 Hence, nno and npo are the equilibrium electron densities in the n- and p-sides,

respectively.

The expression for the built-in potential in Eq. 12 can be rewritten as
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where the mass action law pponpo = ni
2 has been used. Rearranging Eq. 44 gives

Similarly, we have
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We note from Eqs. 45 and 46 that the electron density and the hole density at the

two boundaries of the depletion region are related through the electrostatic

potential difference Vbi at thermal equilibrium.

From our second assumption we expect that the same relation holds when the

electrostatic potential difference is changed by an applied voltage.

When a forward bias is applied, the electrostatic potential difference is reduced to

Vbi – VF ; but when a reverse bias is applied, the electrostatic potential difference is

increased to Vbi + VR. 7



Thus, Eq. 45 is modified to

where nn and np are the nonequilibrium electron densities at the boundaries of the

depletion region in the n- and p-sides, respectively, with V positive for forward bias

and negative for reverse bias.

For the low-injection condition, the injected minority carrier density is much smaller

than the majority carrier density; therefore, nn ≅ nno.
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Substituting this condition and Eq. 45 into Eq. 47 yields the electron density at the

boundary of the depletion region on the p-side (x = –xp):

or

Similarly, we have

or 
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اثبات این روابط در اسلاید بعدی

ن وقتی فرض تیز بودن چگالی در ابتدای ای

ا جلسه لحاظ شده است یعنی چگالی در مرز ب

.  سایر ناحیه خنثی یکی است
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at x = xn for the n-type boundary.

Figure 14 shows band diagrams and carrier concentrations in a p–n junction under

forward-bias and reverse-bias conditions.

Note that the minority carrier densities at the boundaries (–xp and xn) increase

substantially above their equilibrium values under forward bias, whereas they

decrease below their equilibrium values under reverse bias.

 Equations 48 and 49 define the minority carrier densities at the boundaries of

depletion region. 11
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These equations are the most important boundary conditions for the ideal current-

voltage characteristics.

 In the depletion region, the slopes of carrier distributions decrease with the forward

bias, as shown in Fig. 14.

This comes from the fast sweep of the carriers across the narrower depletion width.

Under our idealized assumptions, no current is generated within the depletion

region; all currents come from the neutral regions.
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In the neutral n-region, there is no electric field, thus the steady-state continuity

equation reduces to

بهنسبتچگالیاتتغییریعنیستایستاحالتاینکهفرضبا)آیدمیبدست(قبلیفصلاز)زیرپیوستگیمعادلهازبالاییرابطه

(شودمیگرفتهنظردرصفرهمتولیدآهنگوشودمیفرضصفرخنثیناحیهدرمیدانهمچنینوبودهصفرزمان
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The solution of Eq. 50 with the boundary conditions of Eq. 49 and pn (x = ∞) = pno

gives

Similarly, we obtain for the neutral p-region
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ت کنیداین رابطه را باید بعنوان تکلیف ثاب

.فصل قبلی است12مربوط به جلسه 27. 7. 2بخش اول رابطه فوق همان رابطه 
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در این است که 49تفاوت این رابطه با رابطه 

احیه برای ناحیه تخلیه و این رابطه برای ن49رابطه 

خنثی است



The graphs illustrate that the injected minority carriers recombine with the majority

carriers as the minority carriers move away from the boundaries.

The electron and hole currents are shown at the bottom of Fig. 15.
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The hole and electron currents at the boundaries are given by Eqs. 52 and 54,

respectively.

The hole diffusion current will decay exponentially in the n-region with diffusion

length Lp, and the electron diffusion current will decay exponentially in the p-region

with diffusion length Ln.

The total current is constant throughout the device and is the sum of Eqs. 52 and 54:
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where Js is the saturation current density.

Equation 55 is the ideal diode equation.

 The ideal current-voltage characteristic is shown in Figs. 16a and 16b in Cartesian

and semilog plots, respectively. 19
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semilog plot, or semi-log graph
(or semi-logarithmic
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with exponential relationships, 
where one variable covers a 
large range of values
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In the forward direction with positive bias on the p-side, for V ≥ 3kT/q, the rate of

current increase is constant, as shown in Fig. 16b.

In the reverse direction, the current density saturates at –Js.

The total current for p+-n junction is
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.از رابطه زیر که در فصل اول بدست آمد استفاده شده استpn0در رابطه بالا بجای 
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خیلی بالاتر است در این حالت Nاز ناحیه Pمنظور پیوند یکطرفه است که دراینجا مثل سابق فرض شده است که چگالی در ناحیه p+-nدر حالت 

جمله دوم صفر و فقط جمله اول 55aخیلی بزرگ و متمایل به بینهایت باشد که در رابطه Lnطول پخش یعنی Nمی توان تصور کرد که در ناحیه 

.باقی می ماند



The current is small if the forward bias is less than (EF – EV)/q.

The current increases rapidly if the forward bias is slightly higher than (EF – EV)/q.

 This is the cut-in voltage, which is slightly less than the bandgap value in electron

volts.

 Basically, the cut-in voltage increases with the bandgap.
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منفی باشد 55bیعنی توان بخش نمایی رابطه 

مثبت باشد 55bیعنی توان بخش نمایی رابطه 



EXAMPLE 5

Calculate the ideal reverse saturation current in a Si p–n junction diode with a cross-

sectional area of 2 × 10–4cm2.

The parameters of the diode are
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با استفاده از روابط زیر مساله قابل حل است


