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Íåðàâíîâåñíûå íîñèòåëè â ïï Óðàâíåíèå íåïðåðûâíîñòè

Íåðàâíîâåñíûå íîñèòåëè â ïîëóïðîâîäíèêàõ. Óðàâíåíèå íåïðåðûâíîñòè.

Ðàâíîâåñíûå íîñèòåëè

Äëÿ íåâûðîæäåííîãî ïîëóïðîâîäíèêà n0 = Nc exp
(

Ef−Ec
kT

)
, p0 = Nv exp

(
Ev−Ef
kT

)
n0p0 = n2

i

Íåðàâíîâåñíûå íîñèòåëè

∂n

∂t
= g − r + gE +5jn/e

∂p

∂t
= g ′ − r ′ + g ′E −5jp/e

Óïðîùåíèÿ 1) g − r = −∆n/τn, 2) ïðîñòðàíñòâåííàÿ îäíîðîäíîñòü:

d∆n

dt
= gE −

∆n

τn

d∆p

dt
= gE −

∆p

τp
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Ìåõàíèçìû ðåêîìáèíàöèè íåðàâíîâåñíûõ íîñèòåëåé

Òèïû ïðîöåññîâ ìåæçîííîé ðåêîìáèíàöèè

Èçëó÷àòåëüíàÿ ðåêîìáèíàöèÿ

Îæå-ðåêîìáèíàöèÿ

Ðåêîìáèíàöèÿ ÷åðåç ïðèìåñè è äåôåêòû

g − r = −∆n/τn

τn =
∆n

r − g
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Ìåõàíèçìû ðåêîìáèíàöèè íåðàâíîâåñíûõ íîñèòåëåé Èçëó÷àòåëüíàÿ ðåêîìáèíàöèÿ

Èçëó÷àòåëüíàÿ ðåêîìáèíàöèÿ

Äëÿ èçëó÷àòåëüíûõ ïðîöåññîâ g = G , r = R np
n0p0

= np

n2
i

Âðåìÿ æèçíè

τ =
n2
i

G(n0 + p0 + ∆n)

G =
8π

c2h3

∫ ∞
0

ε(hν)α(hν)(hν)2d(hν)

exp hν/kT − 1

Âðåìÿ æèçíè â óñëîâèÿõ ñëàáîãî
âîçáóæäåíèÿ

τ0 =
n2
i

G(n0 + p0)

Âðåìÿ æèçíè â ñîáñòâåííîì
ïîëóïðîâîäíèêå

τmax = τi =
ni

2G
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Âðåìÿ æèçíè. Çàâèñèìîñòü îò òåìïåðàòóðû

Îáùèå ñîîáðàæåíèÿ

G =
8π

c2h3

∫ ∞
0

ε(hν)α(hν)(hν)2d(hν)

exp hν/kT − 1

Òàê êàê G ∼ exp−(
Eg
kT

), ni ∼ exp−(
Eg

2kT
)

Â îáëàñòè ñîáñòâåííîé ïðîâîäèìîñòè

τi =
ni

2G

óáûâàåò ñ ðîñòîì T

Â îáëàñòè ïðèìåñíîé ïðîâîäèìîñòè

τ0 =
n2
i

G(n0 + p0)

ñëàáî çàâèñèò îò T
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Âðåìÿ æèçíè â óçêîçîííûõ ÊÐÒ ñòðóêòóðàõ

Ââîäÿ B = G/n2
i è ïîäñòàâèâ âûðàæåíèå äëÿ êîýôôèöèåíòà ïîãëîùåíèÿ

α =
22/3m0e

2

3ε1/2~2

(
memh

m0(me + mh)

)3/2(
1 +

m0

me
+

m0

mh

)(
E − Eg

m0c2

)1/2

Àíàëèòè÷åñêîå âûðàæåíèå äëÿ âðåìåíè æèçíè

τ =
1

B(n0 + p0)

B = 5.8 ·10−13ε1/2

(
m0

me + mh

)3/2(
1 +

m0

me
+

m0

mh

)(
300

T

)3/2

(E 2
g +3kTEg +3.75k2T 2)
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Âðåìÿ æèçíè â óñëîâèÿõ ñèëüíîãî âîçáóæäåíèÿ

τ =
n2
i

G(n0+p0+∆n)
, ∆n >> n0 + p0, τ ≈ 1

B∆n

Ðåëàêñàöèîííûé ñïàä

Óðàâíåíèå

−d∆n

dt
=

G(n0 + p0 + ∆n)∆n

n2
i

èíòåãðèðóåòñÿ â îáùåì âèäå

∆n =
∆n0(n0 + p0)

(n0 + p0 + ∆n0) exp(t/τ0)−∆n0

Íåýêñïîíåíöèàëüíûé õàðàêòåð ñïàäà ïðè
âûñîêîì óðîâíå âîçáóæäåíèÿ
Ïðè t << τ

∆n/∆n0 =
1

1 + t(∆n0/(n0 + p0)τ0)
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Ìåõàíèçìû ðåêîìáèíàöèè íåðàâíîâåñíûõ íîñèòåëåé Îæå-ðåêîìáèíàöèÿ

Îæå-ðåêîìáèíàöèÿ

Îæå-ðåêîìáèíàöèÿ � ïîðîãîâûé ïðîöåññ!

Eg + Ek = Eg +
p2

1
2mc

+
p2

2
2mc

+
p2
h

2mh
=

p2
f

2mc
≈ Eg , p1 + p2 + ph = pf

Ðóìÿíöåâ Âëàäèìèð (ÈÔÌ ÐÀÍ) Ìåõàíèçìû ìåæçîííîé ðåêîìáèíàöèè â óçêîçîííûõ òâåðäûõ ðàñòâîðàõ HgCdTe18 àïðåëÿ 2013 8 / 13
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Âðåìÿ æèçíè ïðè Îæå-ðåêîìáèíàöèè

Äëÿ Îæå ïðîöåññîâ gee = Gee
n
n0
, ree = Gee

n2p

n2
0p0

τ =
n4
i

(Geenp0 + Ghhpn0)(n0 + p0 + ∆n)

Âðåìÿ æèçíè

τA =
2n2

i τi
n0 + ∆n + β(p0 + ∆n))(n0 + p0 + ∆n)

β =
µ1/2(1 + 2µ)

2 + µ
exp

[
−1− µ

1 + µ

Eg

kT

]

Âðåìÿ æèçíè â ñîáñòâåííîì ïîëóïðîâîäíèêå

τi =
3.8 · 10−18ε2(1 + µ)1/2(1 + 2µ) exp

[
1+2µ
1+µ

Eg
kT

]
me/m0|F1F2|2(kT/Eg )3/2
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Ìåõàíèçìû ðåêîìáèíàöèè íåðàâíîâåñíûõ íîñèòåëåé Îæå-ðåêîìáèíàöèÿ

Çàâèñèìîñòü îò èíòåíñèâíîñòè âîçáóæäàþùåãî èçëó÷åíèÿ.

Âðåìÿ æèçíè

â óñëîâèÿõ ñëàáîãî âîçáóæäåíèÿ

τ0 =
2n2

i τi
(n0 + βp0)(n0 + p0)

â óñëîâèÿõ ñèëüíîãî âîçáóæäåíèÿ

τ =
2n2

i

(∆n)2
τi

Ðåëàêñàöèîííûé ñïàä

Ðàññìîòðèì ñëó÷àé ïîëóïðîâîäíèêà n-òèïà βp0 << p0 << n0

d(∆n/n0)

(∆n/n0)(1 + (∆n/n0)2)
= −dt

τ0

Íà÷àëüíàÿ ñòàäèÿ ðåëàêñàöèîííîãî ñïàäà áîëåå áûñòðàÿ ïî ñðàâíåíèþ ñ
èçëó÷àòåëüíîé ðåêîìáèíàöèåé!
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Âðåìÿ æèçíè. Çàâèñèìîñòü îò òåìïåðàòóðû

Òàê êàê ni ∼ T 3/2 exp−(
Eg

2kT
)

Â îáëàñòè ñîáñòâåííîé ïðîâîäèìîñòè

τi ∼ T−3/2 exp

[
1 + 2µ

1 + µ

Eg

kT

]
óáûâàåò ñ ðîñòîì T

Â îáëàñòè ïðèìåñíîé ïðîâîäèìîñòè

τ0 ∼ 2n2
i τi ∼ T 3/2 exp

[
µ

1 + µ

Eg

kT

]
ñëàáî çàâèñèò îò T
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Ìåõàíèçìû ðåêîìáèíàöèè íåðàâíîâåñíûõ íîñèòåëåé Ðåêîìáèíàöèÿ Øîêëè-Ðèäà-Õîëëà

Ðåêîìáèíàöèÿ Øîêëè-Ðèäà-Õîëëà.

Îáîçíà÷åíèÿ

n1 = Nc exp

(
Ef − Ec

kT

)
p1 = Nv exp

(
Ec − Eg − Ef

kT

)
f (Ef ) =

1

1 + exp
(

Ef−ϕ
kT

) =
n0

n0 + n1
=

p1

p0 + p1

τn0 =
1

cnNf

τp0 =
1

cpNf

γ =
τn0

τp0
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Ìåõàíèçìû ðåêîìáèíàöèè íåðàâíîâåñíûõ íîñèòåëåé Ðåêîìáèíàöèÿ Øîêëè-Ðèäà-Õîëëà

Âðåìÿ æèçíè ïðè ðåêîìáèíàöèè ÷åðåç äåôåêòû

Âðåìÿ æèçíè â ïðèáëèæåíèè ìàëîé êîíöåíòðàöèè äåôåêòîâ

Ïðè ìàëîé êîíöåíòðàöèè äåôåêòîâ ∆n ≈ ∆p è ìîæíî ââåñòè

τSRH = τn0
p0 + p1 + ∆n

n0 + p0 + ∆n
+ τp0

n0 + n1 + ∆n

n0 + p0 + ∆n

Âðåìÿ æèçíè

â óñëîâèÿõ ñëàáîãî âîçáóæäåíèÿ

τ0 = τn0
p0 + p1

n0 + p0
+ τp0

n0 + n1

n0 + p0

â óñëîâèÿõ ñèëüíîãî âîçáóæäåíèÿ

τ∞ = τn0 + τp0

Âðåìÿ æèçíè ìîæåò ðàñòè ïðè óâåëè÷åíèè èíòåíñèâíîñòè âîçáóæäàþùåãî
èçëó÷åíèÿ!

Ðåëàêñàöèîííûé ñïàä

−t = τ0 ln

(
∆n0

∆n

)
+ (τ∞ − τ0) ln

(
n0 + p0 + ∆n0

n0 + p0 + ∆n

)
Â óñëîâèÿõ ñèëüíîãî âîçáóæäåíèÿ ïðèñóòñòâóþò äëÿ ýêñïîíåíöèàëüíûõ ó÷àñòêà!
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