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Solution to Homework Assignment #6 
Problem 1: Narrow-Base Diode
We have an abrupt junction with NA = 5×1017 cm-3, ND = 5×1019 cm-3, Wn = 50 nm, T=300K.
a) Current flowing across the pn+ junction will be dominated by electrons injected into the p-type side from the n-type side.  The p-type side has a long base compared to the diffusion length of electrons, so the electron diffusion component of the saturation current density is calculated using the long base diode equation. The n-type side is only 50 nm, which is much shorter than the diffusion length of holes (~1 um); therefore the hole diffusion component of the saturation current density is calculated using the short base diode equation.  Since the n-type side is doped 100x more heavily than the p-type side, the width of the depletion region on the n-type side is 100x shorter than the width of the depletion region on the p-type side, <1 nm, which is negligible (so that WN’ ( WN = 50 nm).
p-type side:
The diffusion constant 
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The diffusion length 
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The electron diffusion component of the saturation current density is

J0,n=qni2Dn/(Ln×NA)=1.6×10-19×(1010)2×(11.7/(1.08×10-3×5×1017))= 3.47×10-13 A/cm2.

n-type side:

The diffusion constant 
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The hole diffusion component of the saturation current density is

J0,p=qni2Dp/(Wn×ND)=1.6×10-19×(1010)2×(1.3/(50×10-7×5×1019))= 0.832×10-13 A/cm2.

The total saturation current density J0=(3.47+0.832) ×10-13=4.302×10-13 A/cm2.
b) The current density for VA = -1 V is
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c) The current density for VA=0.6 V is  
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In order to plot the current density distribution, first we calculate the hole current on the heavily doped n-type side. 
At VA=0.6 V, Jp(xn)= 0.832×10-13  exp{qVA /kT}=8.75×10-4 A/cm2.
and Jn(xp)= 3.47×10-13  exp{qVA /kT}=3.65×10-3 A/cm2.
In order to sketch the current density components we should first calculate the depletion width:
Since the n-type region is degenerately doped (ND = 5×1019 cm-3), we should use the equation on Slide 20 of Lecture 3 to find the reduction in band gap energy: 
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For the pn+ junction, then, the built-in potential is
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= (1.12-0.128)/2 + 0.026×ln(5×1017/1010)=0.956 V

The depletion width
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The hole and electron current density distributions are sketched below:
[image: image9.png]J(x103)Acm?





Note that the hole current (and hence the electron current) on the heavily doped n side is constant because it is too short for holes to be lost due to recombination before they reach the metal contact.
Problem 2: pn Junction Breakdown
We have an abrupt pn+ Si junction with NA =1017 cm-3 at T = 300K.

a) The reverse breakdown voltage VBR = -8 V for NA =1017 cm-3 from the plot on Slide 7 of Lecture 12.
b) Since the n-type region is degenerately doped (ND = 1019 cm-3), we should use the equation on Slide 20 of Lecture 3 to find the reduction in band gap energy: 
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 For the pn+ junction, then, the built-in potential is
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So the depletion width at the breakdown voltage is 
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      c) The peak electric field is E(0) =
[image: image13.emf]
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=(1.6×10-19×1017/10-12) × (3.34×10-5)) = -5.34×105 V/cm

Problem 3: Effect of Series Resistance on Diode I-V
Since the diode is strongly forward biased in this case, we have 

I = I0exp{qVJ/kT}

=> I0exp{(0.9)VA/kT}=0.1 VA/Rs    




(1)

a) With, RS = 2 Equation (1) becomes 

exp{VA/(0.0289)}=5×1012 VA 



(2)
We start with a guess for VA.  If the left hand side of equation (2) is smaller than the right hand side, then we increase the value of VA in the next iteration and vice versa.  Following this procedure, we find the value of VA within 10% error iteratively.  The iteration steps are shown below, starting with a reasonable guess of VA = 0.5 V.
	VA (Volt)
	LHS
	RHS

	0.5
	3.2×1012
	2.5×1012

	1
	1.065×1015
	5×1012

	0.8
	1.05×1012
	4×1012

	0.85
	5.93×1012
	4.25×1012

	0.83
	2.97×1012
	4.15×1012

	0.84
	4.19×1012
	4.2×1012


b) With, RS = 20 Equation (1) becomes 

exp{VA/(0.0289)}=5×1011 VA
Following the same procedure as above, 

	VA (Volt)
	LHS
	RHS

	0.7
	3.3×1010
	3.5×1011

	0.75
	1.86×1011
	3.75×1011

	0.77
	3.7×1011
	3.85×1011


The converged values for VA are 0.84V for RS = 2  and 0.77 V for RS = 20 
Problem 4: Effect of Recombination-Generation in the Depletion Region
For reverse bias, the R-G current is (from Lecture 12, Slide 13) 
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Taking ET ( Ei (since the most effective R-G trap states have energy near midgap), 0 = (p + n)/2 which does not have a strong dependence on temperature T.
Near room temperature, the depletion width  
[image: image16.emf]W = 283('/17/ — ,/,4)
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 has only a weak dependence on T due to Vbi which decreases slightly with increasing T because |EF(Ei| decreases with increasing T (Lecture 3, Slide 21. 
ni is a sensitive function of T, increasing rapidly with increasing T:
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For forward bias, the R-G current is given by (from Lecture 12, Slide 14),
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As mentioned above, W has a weak dependence on T, so the temperature dependence of the R-G current under forward bias is due to the intrinsic carrier concentration dependence and the exponential voltage factor dependence:
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a) Under reverse bias, the T dependence of IR-G is dominated by that of ni.  Since ni increases significantly with T, IR-G will increase significantly with T.  Intuitively, the rate of thermal generation increases with temperature; therefore, as temperature increases, the rate at which minority carriers are generated within the depletion region and within one diffusion length of the depletion region increases, hence the rate of minority carrier collection increases so that the reverse-bias IR-G current increases with temperature.
The forward bias voltage applied across the depletion region (VJ) can never exceed the built-in potential Vbi because of series resistance (ref. Lecture 12, Slide 10); therefore, qVJ always will be less than EG.  Under forward bias, then, the T dependence of IR-G is dominated by that of ni, so IR-G increases significantly with increasing T.  Intuitively, there are more energetic carriers within the quasi-neutral regions at higher temperature (the “exponential tail” of the electron distribution within the conduction band and of the hole distribution within the valence band increases, ref. Lecture 3 Slides 7-8) so there are more carriers (holes and electrons) which have sufficient kinetic energy to surmount the potential barrier and diffuse across the junction; since the number of carriers within the depletion region increases, the likelihood of recombination increases so that the forward-bias IR-G current increases with temperature.
b) For both reverse bias and forward bias, the impact of dopant concentration on IR-G is via the depletion width W.  Since W decreases with increasing dopant concentration, the R-G current decreases with increasing dopant concentration for both forward bias and reverse bias.
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