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Silicon p—i—n diodes with different i-region widths are fabricated and tested. It is found that the current shows the
non-monotonic behavior as a function of i-region width at a bias voltage of 1.0 V. In this paper, an analytical model is
presented to explain the non-monotonic behavior, which mainly takes into account the diffusion current and recombination
current contributing to the total current. The calculation results indicate that the concentration ratio of p-region to n-region
plays a crucial role in the non-monotonic behavior, and the carrier lifetime also has a great influence on this abnormal

phenomenon.
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1. Introduction

The p—i—n structures have been widely used in photode-
tectors, =31 power devices,*! and sensors of fast neutrons, !
temperature, ! etc. In addition, the core components of the re-
configurable electro-optical logic circuits are achieved by the
p—i—n structures.!”! Recently, a large magnetoresistance was
observed with p—i—n diodes.!®! In these structures, the i-layer
thickness plays a significant role in device performance. Thus
it is essential to study the effect of i-layer thickness on the I-V
characteristics.

The forward I-V characteristics of p—i—n diodes have
been analyzed theoretically by many researchers under rea-
sonable assumptions. Nilsson!”! and Spenke!'?! dealt with the
I-V characteristics of a hypothetical symmetrical structure, in
which the mobility of electrons was assumed to be equal to
that of the holes, and the saturation current of electrons equals
that of holes. Howard studied the /-V characteristics at high
forward current densities, in which the recombination current
was ignored.[!!) Within the limits of Hall’s approximation, the
diffusion current was ignored. U2] I these studies, either diffu-
sion or recombination current was neglected to study the I-V
characteristics as a function of i-region width. In fact, both
the diffusion and recombination occur in the p—i—n diode and
contribute to the current transport. Herlet!!3! used the asym-
metrical structure to study the /-V characteristics and took
into account the diffusion and recombination current, but it
is rather complicated to solve the /-V characteristics equation.
In this paper, the -V characteristics of the p—i—n junction will
be solved using a simple analytical model, and the dependence
of non-monotonic behavior of the current on the i-region width
will also be studied within the narrow base p—i—n structure.
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2. Methods and results

Samples of p—i—n diodes are prepared on SOI sub-
strate by using the standard complementary metal-oxide—
semiconductor (CMOS) technology. The silicon-on-insulator
(SOI) substrate has a 2-um BOX layer and a 220-nm Si
layer. All samples each have an area of 100 um x60 pm, and
the i-region widths are intentionally designed ranging from
1 um-5 pm. Boron implantations are performed with dose
1 (5.0><1013 atom/cm?, 40 keV) for four samples, and dose
II (6.0x 10'3 atom/cm?2, 40 keV) for the other five, the dop-
ing concentrations are 5.0x 10'® cm™ and 6.0x10'® cm 3 re-
spectively. Phosphorus implantations are performed (45 keV,
8.0x10'3 atom/cm?) for all samples, the doping concentration
is 8.0x10'® cm™3, and the i-region is intrinsic layer. Ohmic

contacts are prepared using metals Al/TiN.
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Fig. 1. (color online) (a) Optical micrograph of the samples with dif-
ferent i-widths, and (b) geometric construction schematic diagram of
p—i—n diode.

Figure 1(a) shows the optical micrographs of the samples
with w =1, 2, 3, 4 um from top to bottom and from left to
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right, the micrographs are taken by an Olympus BX51. Fig-
ure 1(b) shows the structure of the device.

The I-V characteristics of the prepared samples are mea-
sured by a Keithley 4200. Figures 2(a) and 2(b) show the I-V
curves with the different i-region widths. It can be seen that
the sample with i-region width w = 3 um exhibits the largest
current no matter what the doping is, while w =1, 2, and 4 um,
the current is smaller than when w = 3 um at the same volt-
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age (V > 0). It indicates the current of the p—i—n diode does
not always decrease with the increasing of the i-region width
at the same voltage (V > 0), but increases in some ranges and
decreases in other ranges. We call this phenomenon the non-
monotonic behavior. Figures 2(c) and 2(d) show each current
as a function of i-region width at a bias voltage of 1.0 V for
dose I and dose II respectively. The curves are preferable to
reveal the non-monotonic behaviors.
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Fig. 2. (color online) [(a) and (b)] Measured /-V characteristics for dose I and dose II, respectively. [(c) and (d)] Current as a function
of i-region width at a bias voltage of 1.0 V for dose I and dose II respectively.

3. Discussion

For the abnormal phenomenon, an analytical model of the
current transport is set up to analyze the experimental results.
In order to simplify our analysis, we make two appropriate as-
sumptions. Firstly, assuming that neither traps nor impurities
were introduced in the production process, so there is no trap-
charge that participates in the carrier transportation. Secondly,
both p-region and n-region are heavily doped and the i-region
is intrinsic, therefore the widths of the space charge region in
the p-region and n-region are too narrow to be neglected. Ap-
proximately, we assume that the i-region is depleting and the
voltage mainly drops in the i-region: there is no voltage drop
in the neutral zones in the p-region and n-region.

Figure 3 shows the p—i—n diode schematic diagram of the
longitudinal summary mode. The boundary between p-region
and i-region is the origin of the coordinate, where x; and x»
are the width of the space charge region between p-region and
i-region, respectively, and w is the boundary between i-region

and n-region. The spacings between w; and w, and w, and w

are the space charge regions in the i-region and n-region re-
spectively. As the space-charge zones are very narrow in the
p-region and n-region, we may substitute —x; ~ 0 and w, =~ w
into the equation. V| and V, are the junction voltages of the
p/i-region and n/i-region, respectively, V; is the voltage drops
in the i-region.

Na Vi Vi Vs Np

—x1 0 =2 w1 w W2

»
|
x

Fig. 3. (color online) Pattern diagram of p—i—n diode. The doping con-
centrations of p- and n-layers are Ny and Np, respectively. x = 0 and
x = w are the doping boundaries.

Our interest lies in the injected carrier distribution in the
i-region. It should be noted that the two-type carriers share
the same distribution profile in the i-region to keep the quasi-
neutrality of this region p(x) = n(x).~'!l With the aid of the
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coordinate system in Fig. 3, the hole concentration p(x) in the
i-region can be expressed as

p(x) =cre’t +ere ™t (1)
where
1 —se /L
c] = mp(x:w)a
sev/L—1
2= mp(x:w)a 2
Pleew) = Pn(e"/"T— 1) x pye'2/'t 3)

with L = /Dt being the diffusion length, D the diffusion co-
efficient, 7 the lifetime, and Vr = kT /g the thermoelectric
potential. Parameter s is the symmetry constant that gives
p(x =0) = sp(x = w) and can be reduced to s = Na/Np as
a good approximation.!!*!4l By using p(x) = n(x), the elec-
tron concentration in the i-region can be obtained.

According to the Shockley diode model,!'! we think that
hole injection current, electron injection current, and recom-
bination current compose the total current. The hole injec-
tion current is the diffusion current at the n/i interface, and
the electron injection current is the diffusion current at the p/i
interface. By calculation, the three current components are
obtained as follows:[!0:13]

D
im0~ @
D ,
Jpx=w)= T(Czefw/L—Clew/L)a ®)
L (v L
Jp = q?/ plx)dx = q?(m et —ci+er—cre™t). (6)
0

Consequently, the net current density of the p—i—n junc-
tion is obtained as the sum of the above current densities:

J=Jy(x=0)+Jp(x=w)+J. (7

The
equilibrium carriers forms an electric field in the i-region.

inhomogeneous distribution of injected non-

Therefore, the voltage V; can be obtained from the integration
of electric field E(x) over the i-region as follows:

= ) e [ G

—VT““_I“LP dp(x) 1 )dx
Mo+ 4y dx p(x)

®)

According to the Boltzmann expression and p(x = 0) =
sp(x =w), V] and V; can be given by the applied voltage and
s.

V-V Vrln(s)

V_V—Vi Vrin(s)
2 2 7 o

Vi
1 2 D) ) )

9

With these equations, the total current density can be
solved at any required applied voltage by a computer. The
parameters used for the calculation are shown in Table 1.

Table 1. Parameters used for calculation.

Symbol Quantity Value
Dicm?.s~! ambipolar diffusion constant 18.3
Nplem™3 doping concentration of n-layer ~ 8x 106
nifem™3 intrinsic carrier concentration 1.5x1010
Ni/em™3 doping concentration of i-layer ~ 1x10'3
Un/em?-s~1. V1 electron mobility of i-layer 1350
ppfem?s~1-V=1 hole mobility of i-layer 480
T/s carrier lifetime of i-layer 1078
q/C elementary charge 1.6x10°1
L/um ambipolar diffusion length 13.5

Figure 4(a) shows the simulated curves of the current as
a function of w with different values s (Np = 8 x 10'® cm™3)
at a fixed bias of 0.8 V. From this figure, we can see that there
are different variation trends with different s values. When
s = 1.00 and s = 0.875, the simulated results are in good
agreement with our experimental results; when s < 0.875, the
curves show monotonic behavior. Thus the abnormal phe-
nomenon is relevant to the factor s, and the value s is deter-
mined by the ratio of the doping concentration of the p-region
to that of the n-region, and means the distribution level of
the injection carriers in the i-region, indicating that the non-
monotonic behavior is intrinsically linked to the injection car-
riers. When Np = 8 x 10'® cm™3, we find that the behavior
occurs at Ny =7 x 1019 cm™3 ~ 8 x 10!% cm™3 from the sim-
ulation results.

—=— 5 =0.500
—e— s =0.750
—a—s=0.875
—v—s =1.000

Total current/mA

0 4 8 12 16 20 24 28
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[ ——5=0.875

—v— s =1.000

Recombination current/mA

0 I4I I8I I12I I16I I20I I24I I28I
Width of i-region/pm

Fig. 4. (color online) Plots of total (a) and recombination (b) currents ver-

sus i-layer thickness with different s values and Np = 8 x 101 cm™3 at

Viias = 0.8 V.

In addition, we calculate the recombination current
(Fig. 4(b)). We find that no matter what the factor s is, the
recombination current first increases and then decreases with
w increasing, while the non-monotonic behavior of the total
current is related to s, indicating the injection current plays a
leading role in a tiny i-region width for the behavior. When
w > 14 um, the total current and recombination current are
tiny and maintained, this is because all of the injecting elec-
trons and holes almost occur as recombination events in the
i-region, so the recombination current dominates the total cur-
rent.
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Fig. 5. (color online) Plots of concentration distribution p(x) versus po-

sition in the intrinsic region of p—i—n junction with 7 =1 x 1078 s and

s =0.875.

The hole concentration distribution p(x) is shown in

Fig. 5. We can see that although the hole concentration de-
creases with w increasing, the sum of concentration gradients
at x = 0 and x = w show the non-monotonic behavior with w
increasing. The concentration gradient at the boundary means
the size of the electron injection current and hole injection cur-
rent, respectively, so the injection current is non-monotonic
with w increasing. In this paper, we assume that the rate of
recombination has a linear relationship with carrier concen-
tration, while the rate of recombination can be expressed as
R = —yin—yn* —yn---; (p = n) according to Ref. [9], 71,
72, and 3 are Shockley—Reid—Hall (SRH), band-to-band, and
Auger recombination coefficients. For silicon, we can neglect
the second-order term (Ref. [9]), and the third-order recombi-
nation dominates when the carrier concentration is higher than
10'® cm™3. The concentration of injection carriers is smaller
than 10'® cm™3, so the rate of recombination can be expressed
as R = —yin. When w is relatively small, the injection current
dominates the total current, so the total current increases with
w increasing, when w increases and is greater than a critical
width, the recombination current dominates the total current,
so the total current decreases with w increasing.
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Fig. 6. (color online) Plots of current versus i-region width for different
carrier lifetimes (s = 0.875).

As discussed before, the injected carriers present recom-
bination in the i-region, and the recombination current plays

a crucial role in abnormal phenomenon. Thus, we study the
relationship between the current and the carrier lifetime. As
shown in Fig. 6, the carrier lifetime has a great influence on the
non-monotonic behavior, which makes the maximum value
shifted from 4 um to 17 um when 7 changes from 1 x 1078 s to
1.5x 1077 s, and the critical width (W,,) increases with carrier
lifetime increasing.

When the carrier lifetime increases, less carriers present
recombination and most carriers are injected into the boundary
of the i-region. As a result, the injection current dominates the
total current. With the increase of the width, it is difficult to
inject the carriers into the boundary, so the recombination cur-
rent regains its dominant function. Consequently, the critical
width becomes bigger when the lifetime increases.

4. Conclusions

In the present work, the I-V characteristics of the p—i—n
devices with different i-region widths have been investigated
experimentally and theoretically. It is found that the current
shows the non-monotonic behavior as a function of i-region
width at a fixed voltage, which is a meaningful finding. In
theoretical analysis, both the diffusion current and the recom-
bination current are taken into account to refine the /-V char-
acteristic of the p—i—n junction. For the non-monotonic be-
havior, the injection current plays an important role in the tiny
i-region width, while the recombination current is dominated
for the case of the large i-region width. On the other hand,
the concentration ratio between p-region and n-region and car-
rier lifetime prove to be related to the experimental abnormal
phenomenon. The concentration ratio has an influence on the
variation trend of the curves, and the lifetime determines the
critical width.
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