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Quantum-Well Silicon p-n Junctions and n-p-n Transistor Structures

N.T. Bagraev, E.I. Chaikina, L.E. Klyachkin, A.M. Malyarenko and V.L. Sukhanov
A.F . I offi P hysico -T echnic al I nstitute, St.P etersbur g, 1 9402 1, Russia

Abstract. Kick-out and dissociative vacancy diffusion mechanisms have been investigated
by doping the monocrystalline silicon with boron and phosphorus. The criteria for
dominance of each mechanism, established by varying the diffusion temperature and oxide
overlayer thickness, were used to obtain the quantum-well p-n junctions and fiansistor
structures featuing the high external quantum efficiencies over a broad specfial range. The
reverse bias induces the power stimulated infrared emission from heavily doped QW fn
junctions because of the annihilation 2D excitonic correlations.

Non-equilibrium diffusion of boron and phosphorus
has been performed in monocrystalline silicon using
connolled surface injection of self-interstitials and
vacancies. The diffusion temperature, the composition
of the atmosphere during diffusion,and the thickness of
the oxide overlayers on both working and backside of
the wafer have been determined as the principal means
of confrolling the fluxes of excessive self-interstitials
and vacancies responsible for the kick-out and
dissociative vacancy diffusion mechanisms,
respectively.r)-rl By varying the parameters of the
surface oxide layer and diffusion temperature in the
process of boron/ phosphorus diffusion, it was possible
to define the conditions leading to the parity between
these diffusion mechanisms, which corresponds to the
suppression of imputity diffusion. The deceleration of
the diffusion process thus achieved has permitted, for
the first time, the fabrication of heavily doped quantum-
well p-n junctions and n-p-n ffansistors with the
diffusion profile depth that could be confiolled over the
50-250 A range (Figs. I4).The quantum-well silicon
p-n junctions exhibited low dark leakage currents
(fig. 2) and high external quantum efficiencies over a
broad spectral range (fig. 5). Owing to the quantum-
well type of the base, the Si n-p-n structures obtained
can operate both as a bipolar and a field-effect
transistor, which was found capable of multimode
tunneling,including emitter-to-+ollector and base-to-
collector processes (fig.a). Of these, the second
process has been established to be metastable{ue to
the 2D dimensionality of the base.o)

PD-4-7

As a result of strong charge correlations that
enhance Kohn screening singularities, a gap in the
density of states of degenerate hole gas has been found
using the I-V characteristics.s) These data are evidence
of the 2D excitonic insulator formation in the Si heavily
doped quantum-well p-n and n-p-n strucflues (N(B);
N(P)>1020 c*). The annihilation of 2D excitonic
correlations has been found to induce the power
infrared emission under both the direct/reverse voltage
and the voltage heating carriers along p-n junction
areau) (fig. 6).The threshold character of the inadiative
power as a function of the reverse current demonsfrates
the frst observation of stimulated light emission from
silicon planar sfructures (fig. 7).

REFERENCES

1) N.T. Bagraev, L.E. Klyachkin, V.L. Sukhanov,
Sem.Sci.Tech. 6 (1991) 57 7

2) N.T. Bagraev, L.E. Klyachkin, V.L. Sukhanov,
Sa/. Sr. Electronics 34 (1991) lI49

3) N.T. Bagraev, L.E. Klyachkin, V.L. Sukhanov,
Defect and Diffusion Forum 10!105 (1993) 201

4) N.T. Bagraev, L.E.Klyachkin, V.L. Sukhanov,
Sov.P hys.Semicond., 25, (L991) 97 3.

5) N.T.Bagraev, E.I.Chaikina, L.E. Klyachkin,
A.M.Malyarenko, physica status solidi (b), in press.

6) N.T.Bagraev, L.E.Klyachkin, E.I. Chaikina,
Sov.P hy s.JETP Lett.,S&, ( I 993) 598.

694



lo23

^ 10"
T

o- lotn
a
E

lott

lo tt

:: ::
\l ,... ....:.. ....;.......... i.........:.... ..\. ,,..l\-,,,i'' ''l : \' : " : "" : ; '

l.\: .::
.......1...;.......\.....:...............,..............;............:.............

L \l . '-:l->..-\: r... : i

\i N : I .i\ i :.l.i . .. I,.. \. ..,..............'............:..... ...,\* \ \: . ,

Tnil$r ll{{ilV.\lllrtlttt l|hilV"tr*t;1h : i

: 2 : I : '3 , ,

..........:...............:...............;.............:.. . ..j. . .:::::

T

-9

e

1020

10le

10r8

l0l7

t0'ud 50 100 150 2n
x (A)

100 200 300 400 500 600

x (A)

Figure 1. Quantum-well diffusion proliles obtained for
boron dopant in n-type silicon wafers with the thin oxide

overlayer at diffusion temperatures of:
1 - 800'C (dissociative vacancy diffusion mechanism),

2 - 900'C (the parity between different diffusion
mechanisms),

3 - 1100'C (kick-out mechanism).
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Figure 3. Quantum-well n*n*-n structure obtained
in the n-type silicon wafer with thick oxide overlayer
by successive boron/phosphorus diffusion at 900oC
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Fi g u re 4. D irect col lecto r cu rrent-voltag e characteristics
of bipolar quantum-well n*n*-n transistor structure
obtained in n-type silicon wafer using successive

boron/phosphorus diffusion at 900"C.
1 - emitter-to+ollector tunneling process
2 - bas*trcollector tunneling process
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F i g u re 2. R eve rsal cu rre nt-voltage characteri stics
of quantum-well p-n junctions obtained in n-type silicon
wafers with thin (1,2) and thick (3,4,5) oxide overlayer

at diffusion temperature of 850oC.
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Figure 7. The power of the infrared emission as a function
of the reverse current for the quantum-well silicon p-n

junction with the depth corresponding to the curve 2 in fig.1
1 - l,=5.25 pm, 2 - l,=3 pm.

600 800 1000
f, (nm)

rzw

Figure 5. External efficiency quantum spectra measured
on right(1) and backside (2) of the n-type silicon wafers

with the quantum-well pn junction obtained at 900oC and
medium oxide overlayer.
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Figure 6. Spectra of infrared emission at 300 K under
reverse voltage applied to the quantum-well silicon p-n

junctions with the depth corresponding to the first (curve 2)
and second (curvel) OW diffusion profiles shown in fig.1.
1- 1600 mWmm (50mA);2- 680 mWmm (S0 mA).
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