
高耐圧 半導体パワーデバイスの本質

ガス放電管
ガス原子の電離による電子と正イオンの発生
電子とガス原子のプラズマ

半導体
自由電子と正孔が既存 
電荷担体密度の制御が可能 (in 真性半導体: n-)

電圧保持能力 (OFF状態 & 通電状態)
「静的な耐圧」と「動的な耐圧: 安全動作領域」

絶縁状態 ⇔ 通電状態　(スイッチ)

(in 高不純物濃度部: p+, n+)

115年1月13日火曜日

(参考資料 2014 #2-p.1: 高田)
ガス放電管は自己遮断できない。
電荷担体: 自由電子と正孔。

パワーデバイスのエッセンス

実現順序
I)   遮断過程がないダイオード
II)  交流を遮断できるサイリスタ
III) 直流を遮断できるトランジスタ, GTO
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インバータ制御

スイッチ能力
A) (高)電圧保持 (高い絶縁性)
B) 低オン抵抗　(金属並が理想)
C) アーク耐性 (DC40Vリレーが困難)
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215年1月13日火曜日

(参考資料 2014 #2-p.2: 高田) 制御理論が重要な訳 ! 
システム屋には、パワーデバイスは単なるスイッチ (それが正解)。
リレーを使ってもインバータは出来る。還流ダイオードは必要。



半導体 vs. 金属

半導体: 絶縁体 ⇔ 導体 (可変抵抗)
J = q•n•µ•EF (ドリフト電流)

半導体 (Si) 金属

n (cm-3) 0~1014,1018 ≈1022

µ (cm2/Vs) 1,500~100 ≤ 50
J (A/cm2) ≈100 (温度制限)

Jmax (A/cm2) (≥10,000) (温度制限)
E.Field(V/cm) ~ 100,000 << 1

315年1月13日火曜日

(参考資料 2014 #2-p.3: 高田) 
アボカドロ数(6x1023cm-3)/(原子量/比重)
原子量/比重: Cu=(63.6/8.9), Si=(28/2.3),  シリコンの原子密度= 5x1022cm-3

半導体とは何か?

 電気伝導度での区別は不適切
必要要件
1.自由電子と正孔の共存 (両極性の荷電担体) ...化学と類似?
2.キャリア密度が桁違いに変化 (温度, 光, 電圧に依存)
3.<共有結合が連続する構造>

 ダイヤモンド, SiC, Si, Ge, GaAs, ポリアセチレンが共有する因子?

有機半導体の要件は、”共役二重構造”の存在
415年1月13日火曜日

(参考資料 2014 #2-p.4: 高田) 
(パワーデバイスだからこそ、新たなアイデアが必要だった)



分子運動論 (Kinetic Theory of Gases)
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Fig. 1. Setting Point of the Initial Carriers (Device Center)

Fig. 2. Examples of Generation Currents (n− 50µm and 300µm Diodes)

recombination of hydrogen-ion (H+) and hydroxy-ion (OH−)
in a water (H2O). When these reactions do the balance, the
mole density product of both ions keeps constant (eq.2).

H2O ⇀↽ H+ + OH− (1)
[H+][OH−] = 10−14(mol/l)2 (@300K) (2)

The famous eq.3 (nhne = ni
2) corresponds to this eq.2 4.

Then, concerning holes and free-electrons, what is the reaction
corresponding to eq.1? For instance, Si cannot be balanced in
eq.4 and neither the free-electron nor the hole is even in eq.5.
It should be expressed to be eq.6 at least and eq.7 would be
more general by adding the common supplementary factors
(c0) in both sides.

nhne = ni
2 = 1.2x1020cm−6 (@300K) (3)

Si ⇀↽ h+ + e− (4)
Si ⇀↽ (Si + h)+ + e− (5)

2Si ⇀↽ (Si + h)+ + (Si + e)− (6)
2Si + c0 ⇀↽ (Si + h)+ + (Si + e)− + c0 (7)

A concrete reactive equation cannot be written according to
the widely accepted model where an electron that slipped out
the outermost shell is assumed to be the free-electron and its
remaining empty portion is assumed to the hole. The author
wants to propose the model of the free-electron and the hole
shown in Fig.3. The free-electron, that is framed as“ free
electron”, is the situation where a covalent bonding is lost and
both electrons that had been consisting that bonding add to one
side of the outermost shell orbit. The hole, that is framed as
“hole”, is the situation in which one outermost electron orbit
is missed oppositely. For this model, either the free-electron

4Either expression is called ”the law of mass action”.

Fig. 3. New Model of the Free Electron and the Hole in Silicon

Fig. 4. Generation and Recombination Processes by the Thermal Motion

or the hole appears making a pair with the silicon atom that
lacks one of the four covalent bondings. Then, this excessive
electron orbit, or the lack of it, can advance one atom unit
(in principle) by canceling the covalent bonding with the next
silicon atom while forming again the missing covalent bonding
on the other direction.

Chemically, the hole can be considered to be the Si+ ion
where one outermost shell electron orbit (O) is missed and the
free-electron can be considered to be the Si− ion in which one
outermost shell electron orbit (O) increases simply. It is more
appropriate to express the reaction equation (eq.7) as eq.8.

2Si + c0 ⇀↽ (Si − O)h
+ + (Si + O)e

− + c0 (8)

This reaction (eq.8) can be drawn as shown in Fig.4. In this
figure, the thermal vibration of the Si atom around a reactive
atom is chosen as the supplementary factor (c0). Between
both sides of eq.8, the intermediate reaction would exist as
shown in the center of Fig.4. When the recombination rate
in the right side is a little, each reaction indicated by ⇀↽
proceeds by the thermal kinetic energy (lattice temperature)
of ”Si-atom”. However, when the pair-generation and the
recombination do balance, the energy necessary for the pair-
generation would be covered by the energy that is generated
by the the recombination in the right side.

In such a situation, the speed ratio of the right side reaction
to the left side one keeps a definite value (K), that is
determined by the energy of its system. This is“ the law of
mass action”. Each density of the reactive elements in eq.8
has the relation of eq.9. ([ ] means the density of the enclosed
object)

K(ε) =
[Sih][Sie][c0]

[Si]2[c0]
=

[Sih][Sie]
[Si]2

∝ nhne (9)

The law of the mass action results from the kinetic theory of
gases, in which a chemical reaction is simplified as the colli-
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sion of the gas molecules [6]. According to it, the reaction rate
of free-electrons (Re) to recombine with holes is expressed as
the product of the reaction cross section (σe.h), the effective
velocity of a free-electron (veff.e), the hole density (nh) and
the free-electron density (ne) as shown in eq.10. Similarly, the
rate of holes (Rh) to recombine with free-electrons becomes
eq.11. (veff.e ≈ veff.h in a high electric field)

Re = σe.hveff.enhne (10)
Rh = σh.eveff.hnenh (11)

Total recombination rate (R = Re + Rh) is really the
radiative-recombination (R ∝ nhne) that is disregarded in
indirect semiconductors. However, the impact ionizing energy
by the incident charges to silicon is 3.6eV [1], that corresponds
to the direct transition. Besides, this recombination mechanism
was also necessary to reproduce the JF − VF characteristics
of pin diodes [4]. So, the author suppose that the direct
recombination (R ∝ nhne) must be major in the bipolar
devices, where the carrier density product (nhne) increases to
several orders of magnitude by the conductivity modulation.

Intrinsically, the SRH recombination (RSRH ≈ ∆n/τ ) is
based on the premise of the thermal equilibrium and it only
treats the recurrence of a little excess or a little deficiency of
the carriers to the equilibrium state. The equilibrium situation
was impossible without the direct reaction between the reactive
particles, free-electrons and holes, the author supposes.

IV. CARRIERS REACTIONS IN A HIGH ELECTRIC FIELD

When the drift motion energy (2qELm) of a carrier exceeds
the thermal energy (kT ), the impact ionization takes place
on a large scale and it becomes the situation where the free-
electrons or the holes replace the (Si-atom)s in Fig.4. The
impact ionization would be expressed as the reactions from
the left sides to the right one in eq.12 or eq.13. Then the
common elements in both sides, such as (Si + O)e

− in eq.12
and (Si − O)h

+ in eq.13, are regarded as the supplementary
factor (c0) in Fig.4.

2Si + (Si + O)e
− ⇀↽ (Si − O)h

+ + 2(Si + O)e
− (12)

2Si + (Si − O)h
+ ⇀↽ 2(Si − O)h

+ + (Si + O)e
− (13)

From the viewpoint of the kinetic theory of gases, the law of
the mass action must have applicability even in these reactive
equations. So, when eq.12 is balanced, the next eq.14 becomes
effective and the carrier product (nhne) gets constant 5 like as
eq.9 which is caused by the thermal motion.

K(ε) =
[Sih][Sie]2

[Si]2[Sie]
=

[Sih][Sie]
[Si]2

∝ nhne (14)

If removing the supplementary factor ((Si + O)e
−,

(Si − O)h
+ or c0) from both sides, eq.12 and eq.13 are

same as eq.8. Then, the reaction rates of eq.12 and eq.13 are
expressed also same formulas with eq.10 (Re) and eq.11 (Rh)
respectively using the different cross sections (σ′). Assuming
that the effective velocities (veff.e ≈ veff.h) and the cross
section (σ′

e.h) are expressed as veff and σ′ respectively,
5determined uniquely by the drift energy (2qELm).

the total recombination rate (R = Re + Rh) is reduced to
σ′veffnenh (eq.15) because σ′

e.h ≫ σ′
h.e in silicon.

R = Re + Rh ≈ σ′veffnhne ≈ Re (15)

On the other hand, in the equilibrium the recombination rate
(R∗) is equal to the pair-generation rate (G∗) and these are
expressed as eq.16, in which ne and nh in eq.15 are replaced
by n∗ and p∗, that indicate the equilibrium densities of free-
electrons and holes respectively. And, because the reaction rate
caused by a free-electron must be independent of the presence
of the equilibrium, the pair-generation rate (Ge) caused by the
free-electrons in a nonequilibrium situation would be written
as eq.17.

R∗ ≈ σ′veffp∗n∗ ≈ G∗ (16)
Ge = σ′

e.hveff.ep
∗ne (17)

This eq.17 resembles the eq.18 which indicates the exper-
imental pair-generation rate caused by the impact ionization,
vd.e means the drift velocity of free-electrons. Combining
eq.18 and eq.17 the impact ionization factor (αn) is reduced
to eq.19. The αn is the function of the electric field strength
(E). The equilibrium carrier density (n∗ or p∗) also seems to
be the fuction of it because the energy of carriers (2qELm) is
determined by the electric field strength (E) 6. Even if eq.19
looked strange at a glance, it seems fairly rational.

GIIe = αnvd.ene (18)
αn = σ′

e.hp∗(veff.e/vd.e) (19)

In addition, about the impact ionization caused by holes,
following eq.20 and eq.21 are induced also.

GIIh = σ′
h.eveff.hn∗nh = αpvd.hnh (20)
αp = σ′

h.en
∗(veff.h/vd.h) (21)

Moreover, the charge neutral condition in the n−-region
induces the relation (n∗ ≈ p∗). It’s because the carrier
reaction under the high electric field strength is much faster
than the thermal equilibrium and the equilibrium densities
(n∗, p∗) reach extensive values. The total generation rate (G)
is expressed as eq.22 because σ′

e.h ≫ σ′
h.e in silicon.

G = GIIe + GIIh = σ′
e.hveff.ep

∗ne + σ′
h.eveff.hn∗nh

≈ veffp∗(σ′
e.hne + σ′

h.enh) ≈ σ′
e.hveffp∗ne = GIIe (22)

V. SIMULATED RESULTS USING THE NEW
RECOMBINATION MODEL

The new simulation used the recombination model of eq.23
instead the SRH model and the Auger model 7.

R = σ(veff )veff (E)nhne (23)

σ(veff ) = A · e−B/(veff )2 (24)
veff (E) = 300E + vth (cm/s) (25)

Electric field strength (E) dependency of the effective
velocity (veff ), eq.25, was led from the voltage depen-
dency of the leakeage current of the pin diode [5]. The

6Besides, the (σ′) would also depend on the electric field (E).
7with the Physical Model Interface option of ”dessis”.

: 質量作用の法則

:自由電子が引き起こす反応速度(率)

:正孔が引き起こす反応速度(率)
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sion of the gas molecules [6]. According to it, the reaction rate
of free-electrons (Re) to recombine with holes is expressed as
the product of the reaction cross section (σe.h), the effective
velocity of a free-electron (veff.e), the hole density (nh) and
the free-electron density (ne) as shown in eq.10. Similarly, the
rate of holes (Rh) to recombine with free-electrons becomes
eq.11. (veff.e ≈ veff.h in a high electric field)

Re = σe.hveff.enhne (10)
Rh = σh.eveff.hnenh (11)

Total recombination rate (R = Re + Rh) is really the
radiative-recombination (R ∝ nhne) that is disregarded in
indirect semiconductors. However, the impact ionizing energy
by the incident charges to silicon is 3.6eV [1], that corresponds
to the direct transition. Besides, this recombination mechanism
was also necessary to reproduce the JF − VF characteristics
of pin diodes [4]. So, the author suppose that the direct
recombination (R ∝ nhne) must be major in the bipolar
devices, where the carrier density product (nhne) increases to
several orders of magnitude by the conductivity modulation.

Intrinsically, the SRH recombination (RSRH ≈ ∆n/τ ) is
based on the premise of the thermal equilibrium and it only
treats the recurrence of a little excess or a little deficiency of
the carriers to the equilibrium state. The equilibrium situation
was impossible without the direct reaction between the reactive
particles, free-electrons and holes, the author supposes.

IV. CARRIERS REACTIONS IN A HIGH ELECTRIC FIELD

When the drift motion energy (2qELm) of a carrier exceeds
the thermal energy (kT ), the impact ionization takes place
on a large scale and it becomes the situation where the free-
electrons or the holes replace the (Si-atom)s in Fig.4. The
impact ionization would be expressed as the reactions from
the left sides to the right one in eq.12 or eq.13. Then the
common elements in both sides, such as (Si + O)e

− in eq.12
and (Si − O)h

+ in eq.13, are regarded as the supplementary
factor (c0) in Fig.4.

2Si + (Si + O)e
− ⇀↽ (Si − O)h

+ + 2(Si + O)e
− (12)

2Si + (Si − O)h
+ ⇀↽ 2(Si − O)h

+ + (Si + O)e
− (13)

From the viewpoint of the kinetic theory of gases, the law of
the mass action must have applicability even in these reactive
equations. So, when eq.12 is balanced, the next eq.14 becomes
effective and the carrier product (nhne) gets constant 5 like as
eq.9 which is caused by the thermal motion.

K(ε) =
[Sih][Sie]2

[Si]2[Sie]
=

[Sih][Sie]
[Si]2

∝ nhne (14)

If removing the supplementary factor ((Si + O)e
−,

(Si − O)h
+ or c0) from both sides, eq.12 and eq.13 are

same as eq.8. Then, the reaction rates of eq.12 and eq.13 are
expressed also same formulas with eq.10 (Re) and eq.11 (Rh)
respectively using the different cross sections (σ′). Assuming
that the effective velocities (veff.e ≈ veff.h) and the cross
section (σ′

e.h) are expressed as veff and σ′ respectively,
5determined uniquely by the drift energy (2qELm).

the total recombination rate (R = Re + Rh) is reduced to
σ′veffnenh (eq.15) because σ′

e.h ≫ σ′
h.e in silicon.

R = Re + Rh ≈ σ′veffnhne ≈ Re (15)

On the other hand, in the equilibrium the recombination rate
(R∗) is equal to the pair-generation rate (G∗) and these are
expressed as eq.16, in which ne and nh in eq.15 are replaced
by n∗ and p∗, that indicate the equilibrium densities of free-
electrons and holes respectively. And, because the reaction rate
caused by a free-electron must be independent of the presence
of the equilibrium, the pair-generation rate (Ge) caused by the
free-electrons in a nonequilibrium situation would be written
as eq.17.

R∗ ≈ σ′veffp∗n∗ ≈ G∗ (16)
Ge = σ′

e.hveff.ep
∗ne (17)

This eq.17 resembles the eq.18 which indicates the exper-
imental pair-generation rate caused by the impact ionization,
vd.e means the drift velocity of free-electrons. Combining
eq.18 and eq.17 the impact ionization factor (αn) is reduced
to eq.19. The αn is the function of the electric field strength
(E). The equilibrium carrier density (n∗ or p∗) also seems to
be the fuction of it because the energy of carriers (2qELm) is
determined by the electric field strength (E) 6. Even if eq.19
looked strange at a glance, it seems fairly rational.

GIIe = αnvd.ene (18)
αn = σ′

e.hp∗(veff.e/vd.e) (19)

In addition, about the impact ionization caused by holes,
following eq.20 and eq.21 are induced also.

GIIh = σ′
h.eveff.hn∗nh = αpvd.hnh (20)
αp = σ′

h.en
∗(veff.h/vd.h) (21)

Moreover, the charge neutral condition in the n−-region
induces the relation (n∗ ≈ p∗). It’s because the carrier
reaction under the high electric field strength is much faster
than the thermal equilibrium and the equilibrium densities
(n∗, p∗) reach extensive values. The total generation rate (G)
is expressed as eq.22 because σ′

e.h ≫ σ′
h.e in silicon.

G = GIIe + GIIh = σ′
e.hveff.ep

∗ne + σ′
h.eveff.hn∗nh

≈ veffp∗(σ′
e.hne + σ′

h.enh) ≈ σ′
e.hveffp∗ne = GIIe (22)

V. SIMULATED RESULTS USING THE NEW
RECOMBINATION MODEL

The new simulation used the recombination model of eq.23
instead the SRH model and the Auger model 7.

R = σ(veff )veff (E)nhne (23)

σ(veff ) = A · e−B/(veff )2 (24)
veff (E) = 300E + vth (cm/s) (25)

Electric field strength (E) dependency of the effective
velocity (veff ), eq.25, was led from the voltage depen-
dency of the leakeage current of the pin diode [5]. The

6Besides, the (σ′) would also depend on the electric field (E).
7with the Physical Model Interface option of ”dessis”.
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3 小電流動作の解析
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正孔と自由電子の基本反応 - 固体中の化学反応 -
- 最外殻電子の移動 -

515年1月13日火曜日

(参考資料 2014 #2-p.5: 高田) 
質量作用の法則は、(化学反応の)平衡状態で成り立つ。
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キャリアの移動がバランス: 平衡状態
両端電極の電位は同じ: 電極材質で決まる
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図 3.16: np境界の不純物イオン分布と電気力線. (●:
自由電子, ○:正孔, +:陽イオン, -:陰イオン)
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図 3.17: np境界の電界強度と電位分布 (内蔵電位)
分布.

る9(式 3.5)。

exp(
−∆Eab

kT
) =

Na

Nb
(3.5)

Na, Nb : a領域と b領域の理想粒子密度

逆に、例えば「自由電子」の密度が異なる領域 (例
えば n−と n+)では、「自由電子」のエネルギーが異
なることになる。そして、(式 3.1)から分かるように
「正孔」密度は「自由電子」に反比例するので、「自
由電子」のエネルギー差に負号が付いたものが「正
孔」のエネルギー差となる。このように、各領域に
不純物濃度の違いに応じてエネルギー値 (フェルミ
準位10と呼ぶ)を定めることができる。
なお、ダイオードの電極に使われる金属の自由電

子も金属種に応じて固有のエネルギーを持っている
ので、図 3.15や図 3.17に示す電位は両側の金属と
の接触部で電極金属本来の固有値に急峻に変化する。
このため、熱平衡状態にあるダイオード (半導体デ
バイス)では、同種の金属を使う限り電極間に電位
差は現れない。

9ボルツマン分布の一形態。
10電位も考慮した”化学ポテンシャル”に当たる。”フェルミ エ
ネルギーの準位”を短縮したものと思われる。”フェルミ エネル
ギー”という呼称は紛らわしいので避けるべきであろう。

これらの内蔵電位の大きさは、(式 3.6)で評価で
きる。電荷素量 (q)は、電子を扱う場合には負、正孔
を扱う場合には正とする。Vabは、b領域を基準とし
た a領域の電位を示す。例えば n+ 領域の不純物濃
度が n−領域の 105倍の場合には n+領域は約 0.3V

高くなる。また、p領域と n領域の不純物濃度がそ
れぞれNA とND であるなら、n領域に対する p領
域の内蔵電位 (Vpn)は (式 3.1)を使って (式 3.7)で
表される。NA = 1x1018cm−3, ND = 1x1014cm−3

であれば Vpn ≈ −0.7V となり、p領域が n領域より
も約 0.7V 低い。

Vab =
∆Eab

q
=

−kT

q
ln(

Na

Nb
) (3.6)

Vpn ≈ kT

q
ln(

ni
2/NA

ND
) (3.7)

Na, Nb : a領域と b領域の電荷密度
電荷素量 q :正 for正孔,負 for電子

ni :真性電荷密度
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:ボルツマン分布
半導体内部の電位と電界強度

Po
te

nt
ia

l

n-type

Electric Field

Potential EF

El
ec

tri
c 

Fi
el

dp-type
n--typen+-type

Electric Field

Potential

El
ec

tri
c 

Fi
el

d

Po
te

nt
ia

l

EF

615年1月13日火曜日

(参考資料 2014 #2-p.6’: 高田) (内部電位図を修正した 2015-01-12)
正孔も自由電子も(種類が異なる)理想気体として考える。
どちらの密度も、それぞれがボルツマン分布。密度が異なる領域は、電位も異なる。p-nはn--n+よりも
電位差が大きいのみ。



電界中の自由電子と正孔
シリコン  @300K
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　　　　運動量緩和(I)→　運動量緩和(II)　  →　運動エネルギー緩和: 
移動度µ: 　　定数　  →電界に反比例(飽和) ⇒ <正孔-自由電子対発生>
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(参考資料 2014 #2-p.7: 高田) 
増加する運動量, 運動エネルギーをどう処理するか: 
運動量散乱(I) → 運動量散乱(II) ⇒ エネルギー散乱 (最外殻電子を剥がす)

<半導体関連 歴代ノーベル物理学賞>

1956 半導体の研究およびトランジスタ効果の発見 
                                                            (1948発見)    　　　W. B. Shockley,  J. Bardeen,  W. H. Brattain
(1964 "for fundamental work in the field of quantum electronics, which has led to the construction of oscillators and amplifiers based on the maser-laser 
principle" C.H. Townes, N.G. Basov, A. M. Prokhorov) 1960 T.H. Maiman: ruby-laser, 1962 GaAs-laser R.N. Hall 遠赤外, N. Holonyak 赤色, 1962 GaAs-LED N.H.)

1973 半導体内および超伝導体内の各々におけるトンネル効果の実験的発見
                                                            (1958, 1960発見)                              江崎 玲於奈,  I. Giaever

1985 (整数)量子ホール効果の発見      (1980発見 ホール係数σxy= - n e2/h)                  K. von Klizing

1998 (分数量子ホール効果) 分数電荷の励起状態を持つ新たな量子流体の形態の発見
　　　　　　　　　　　　      (1982実験, 1983理論)　　  　R. Laughlin,  H. Stormer,  D. Tsui

2000 (集積回路の発明)情報通信技術における基礎研究　   (1958試作)　　　  　　　　　J. Kilby

2009 撮影半導体回路であるCCDセンサーの発明　　　　 (1969開発)　　 　W. Boyle,  G. E. Smith

2010 2次元物質グラッフェンに関する革新的実験　　　　(2004実験)　　  A. Geim,  K. Novoseiov

2014 青色LEDの発明　　　　　　　　　　　　　　　　  (1991開発) 赤崎 勇, 天野 浩, 中村 修二
"for the invention of efficient blue light-emitting diodes which has enabled bright and energy-saving white light sources"

<半導体関連 歴代ノーベル化学賞>
1996 フラーレン(C60)の発見　　　(1985発見, 1990製作)   R. F. Curl Jr.,  Sir H. W. Kroto,  R. E. Smalley

2000 導電性高分子の発見と開発　(1967合成, 1977導電性)  A. Heeger,  A. G. MacDiarmid,  白川英樹
815年1月13日火曜日

(参考資料 2014 #2-p.8: 高田) 
導電性高分子(ポリアセチレン): 1967合成(白川)。1977高い導電性を3人で確認。
整数量子ホール効果は日立製MOSFETを使用? 分数量子ホール効果に使ったGaAs HEMTは日本の発明、
低温特性も測っていた。


