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内 容 简 介 

本书分析了 CMOS 模拟集成电路设计理论与技术，全书由 18 章组成。从 CMOS 集成电路的工艺着

手，介绍了 CMOS 模拟集成电路的基础，即 MOS 器件物理以及高阶效应，然后分别介绍了模拟集成电路

中的各种电路模块：基本放大器、恒流源电路、差分放大器、运算放大器、基准电压源、开关电容电路、

集成电压比较器、数/模转换与模/数转换以及振荡器与锁相环等。另外，在第 6 章、第 7 章与第 10 章中还

特别介绍了 CMOS 模拟集成电路的频率响应、稳定性、运算放大器的频率补偿及其反馈电路特性，在第 8

章与第 12章中还分析了噪声与非线性。 

本书作为 CMOS 模拟集成电路的教材，可供本科生高年级与研究生使用，也可供从事相关专业的技

术人员参考。 
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前    言 

由于 CMOS 工艺技术的飞速发展，使其在集成电路制造中占有越来越重要的地位，而

其中的 CMOS 模拟集成电路也因此而得以快速发展。CMOS 工艺能实现低电源电压、低功

耗的系统，适应了当前模拟电路的发展趋势。 

本书作为教材，着重讨论 CMOS 模拟集成电路的分析与设计的基础知识，并介绍了新

技术与新理论，深入浅出地对 CMOS 模拟集成电路中的主要模块电路进行了较为详尽的分

析，并力求理论与实际相结合，使学生经过本教材的学习能真正了解 CMOS 模拟集成电路

的分析与设计方法，掌握 CMOS 模拟集成电路中的主要模块的设计基础，为进行模拟电路

的设计打下基础。 

本教材共分为五大部分：第一部分讲述 CMOS 集成电路的制造工艺，主要由第 1 章构

成，重点介绍了 CMOS 集成电路中的双阱工艺以及高低压兼容工艺。第二部分则是本教材

的第 2章所述的 CMOS模拟集成电路的基础，重点介绍 CMOS 器件物理、二阶效应、等比

例缩小及高阶效应。第三部分介绍 CMOS 模拟集成电路中的主要电路模块：第 3 章介绍单

级放大器，包括共源、共栅、源极跟随器、共源共栅放大器等；第 4章分析恒流源电路设计

技术；第 5章对差分放大器进行了详尽的分析；第 9章分析运算放大器的特点及设计方法，

包括单级放大器与多级放大器；第 11 章对开关电容电路进行了研究，并介绍了开关电容电

路的主要应用；第 13 章是基准电压源的设计，重点分析了带隙基准电压源的设计技术；第

14 章介绍了集成电压比较器的设计与分析；第 15 章研究了数/模转换电路与模/数转换电

路；第 16章是关于集成振荡器与锁相环的设计。第四部分讲述 CMOS模拟集成电路中必须

考虑的其他特性：第 6章分析放大器的频率响应；第 7章分析反馈放大器特性；第 8章介绍

电路噪声的分析方法以及电路中的主要噪声；第 10 章是有关运算放大器频率补偿的设计；

第 12 章分析电路的非线性及其消除技术。第五部分讲述了集成电路的版图设计和工程设计

实例：第 17章介绍了版图设计技术；第 18章介绍了工程设计实例。 

在本教材的编撰过程中，东南大学国家专用集成电路系统工程技术研究中心的师生以

及电子工程系的老师给予了大力支持与帮助，在此表示深深的谢意。 

CMOS 模拟技术发展迅速，并且由于编著者水平有限，书中所介绍的内容难免有不足

和错误之处，希望读者批评指正。 

 

编 著 者 

2003年 9月 

 

此为试读,需要完整PDF请访问: www.ertongbook.com



 ·I· 

 

 

目    录 

第 1章  CMOS集成电路制造工艺·······································································································（1） 

1.1  基本的制造工艺过程························································································································（1） 

1.1.1  衬底材料的制备 ···················································································································（1） 

1.1.2  光刻 ·······································································································································（2） 

1.1.3  刻蚀 ·······································································································································（3） 

1.1.4  掺杂、扩散 ···························································································································（4） 

1.1.5  化学气相淀积 ·······················································································································（4） 

1.2  双阱 CMOS工艺的主要流程 ··········································································································（5） 

1.3  高压 CMOS器件及高低压兼容工艺·····························································································（11） 

1.3.1  高压 CMOS器件 ················································································································（11） 

1.3.2  高低压兼容 CMOS工艺 ····································································································（12） 

1.3.3  高压 PMOS的厚栅氧刻蚀·································································································（13） 

1.3.4  高低压之间的隔离 ·············································································································（15） 

第 2章  基本 MOS器件物理 ················································································································（17） 

2.1  有源器件 ·········································································································································（17） 

2.1.1  MOS晶体管结构与几何参数 ····························································································（17） 

2.1.2  MOS管的工作原理及表示符号 ························································································（18） 

2.1.3  MOS管的高频小信号电容 ································································································（20） 

2.1.4  MOS管的电特性················································································································（22） 

2.1.5  二阶效应 ·····························································································································（26） 

2.1.6  MOS管交流小信号模型 ····································································································（30） 

2.1.7  有源电阻 ·····························································································································（31） 

2.2  无源器件 ·········································································································································（34） 

2.2.1  电阻 ·····································································································································（34） 

2.2.2  电容 ·····································································································································（36） 

2.3  短沟道效应 ·····································································································································（38） 

2.3.1  按比例缩小 ·························································································································（38） 

2.3.2  短沟道效应 ·························································································································（41） 

2.4  MOS器件模型································································································································（46） 

第 3章  单级放大器··································································································································（47） 

3.1  共源放大器 ·····································································································································（47） 

3.1.1  无源负载共源放大器 ·········································································································（47） 

3.1.2  有源器件作为负载 ·············································································································（50） 

3.2  源极跟随器 ·····································································································································（56） 

3.2.1  电阻负载源极跟随器 ·········································································································（56） 



 ·II· 

3.2.2  电流源负载源极跟随器······································································································（57） 

3.3  共栅放大器 ·····································································································································（59） 

3.4  共源共栅极（级联级）··················································································································（62） 

3.5  折叠式级联 ·····································································································································（65） 

第 4章  恒流源电路··································································································································（67） 

4.1  基本电流镜结构 ·····························································································································（67） 

4.2  威尔逊电流源 ·································································································································（68） 

4.3  共源共栅电流源��高输出阻抗恒流源 ······················································································（69） 

4.4  低压共源共栅结构��常数 Vb的偏置 ························································································（70） 

4.5  高输出阻抗、高输出摆幅的恒流源 ······························································································（71） 

4.6  高电源抑制比的电流源··················································································································（72） 

4.6.1  CMOS峰值电流源 ·············································································································（72） 

4.6.2  恒定跨导电流源 ·················································································································（74） 

第 5章  差分放大器··································································································································（75） 

5.1  概述 ·················································································································································（75） 

5.2  基本差分对 ·····································································································································（76） 

5.2.1  电路结构 ·····························································································································（76） 

5.2.2  差分对的共模输入及输出压摆··························································································（76） 

5.2.3  差分对的差分工作 ·············································································································（78） 

5.3  以MOS管作为负载的差分放大器 ·······························································································（89） 

5.4  CMOS差分放大器 ·························································································································（90） 

5.4.1  工作原理 ·····························································································································（91） 

5.4.2  电路分析 ·····························································································································（91） 

5.4.3  CMOS差分放大器的主要性能 ·························································································（97） 

5.5  模拟乘法器 ·····································································································································（97） 

5.5.1  模拟乘法器设计方法 ·········································································································（97） 

5.5.2  直接利用双差分结构实现··································································································（99） 

第 6章  放大器的频率响应··················································································································（101） 

6.1  频率特性的基本概念和分析方法································································································（101） 

6.1.1  基本概念 ···························································································································（101） 

6.1.2  分析方法 ···························································································································（102） 

6.2  共源极的频率响应 ·······················································································································（103） 

6.2.1  电路的零极点 ···················································································································（103） 

6.2.2  输入阻抗 ···························································································································（105） 

6.3  源极跟随器 ···································································································································（106） 

6.3.1  电路的零极点 ···················································································································（106） 

6.3.2  输入阻抗 ···························································································································（108） 

6.3.3  输出阻抗 ···························································································································（108） 

6.4  共栅极��电流缓冲器················································································································（109） 

6.4.1  电路的零极点 ···················································································································（109） 
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6.4.2  输入阻抗 ···························································································································（110） 

6.5  级联放大器 ···································································································································（110） 

6.6  CMOS增益级 ·······························································································································（112） 

6.7  差分对放大器 ·······························································································································（113） 

6.7.1  CMOS全差分对 ···············································································································（113） 

6.7.2  电流镜为负载的差分对····································································································（115） 

第 7章  反馈 ············································································································································· （118） 

7.1  基本概念 ······································································································································· （118） 

7.1.1  负反馈放大器的方框图及放大倍数的一般表达式 ························································（118） 

7.1.2  负反馈放大器的类型 ·······································································································（119） 

7.2  负反馈结构 ···································································································································（119） 

7.3  负反馈放大器的特性····················································································································（121） 

7.3.1  提高放大器增益的稳定性································································································（121） 

7.3.2  对系统的输入与输出电阻的影响····················································································（122） 

7.3.3  带宽调节 ···························································································································（125） 

7.3.4  减小非线性失真 ···············································································································（126） 

7.3.5  负载的影响 ·······················································································································（127） 

7.4  反馈网络的噪声效应····················································································································（133） 

7.5  系统的稳定性 ·······························································································································（134） 

7.5.1  单极点系统 ·······················································································································（134） 

7.5.2  多极点系统 ·······················································································································（135） 

第 8章  噪声 ·············································································································································（136） 

8.1  概述 ···············································································································································（136） 

8.1.1  噪声的描述方法 ···············································································································（136） 

8.1.2  相关噪声源与独立噪声源································································································（137） 

8.1.3  噪声带宽 ···························································································································（137） 

8.2  噪声的种类 ···································································································································（137） 

8.2.1  热噪声 ·······························································································································（138） 

8.2.2  闪烁噪声——1/f噪声 ······································································································（140） 

8.2.3  散粒噪声 ···························································································································（141） 

8.3  电路中噪声的表示方式················································································································（142） 

8.3.1  噪声源表示法 ···················································································································（142） 
8.3.2  ����V 与����I 的计算 ··············································································································（142） 

8.4  单级放大器中的噪声····················································································································（143） 

8.4.1  共源极 ·······························································································································（143） 

8.4.2  共栅极 ·······························································································································（144） 

8.4.3  共源共栅放大器 ···············································································································（145） 

8.4.4  源极跟随器 ·······················································································································（146） 

8.4.5  CMOS放大器的噪声 ·······································································································（147） 

8.5  差分对中的噪声 ···························································································································（148） 
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第 9章  运算放大器································································································································（150） 

9.1  概述 ···············································································································································（150） 

9.1.1  运算放大器的主要参数····································································································（150） 

9.1.2  分析运算放大器的一般步骤····························································································（153） 

9.2  单级运放 ·······································································································································（153） 

9.2.1  全差分单级运算放大器····································································································（153） 

9.2.2  单端输出运算放大器 ·······································································································（156） 

9.3  共模反馈 ·······································································································································（159） 

9.3.1  共模电平的检测方法 ·······································································································（159） 

9.3.2  误差比较技术 ···················································································································（161） 

9.4  多级运放 ·······································································································································（165） 

9.4.1  两级运放 ···························································································································（165） 

9.4.2  多级运放 ···························································································································（166） 

9.5  运放的建立时间 TSET····················································································································（169） 

9.5.1  物理意义 ···························································································································（169） 

9.5.2  单级运放的转换速率 ·······································································································（172） 

9.5.3  二级运放的转换速率 ·······································································································（173） 

9.6  增益提高电路 ·······························································································································（174） 

9.6.1  基本增益提高电路 ···········································································································（174） 

9.6.2  增益提高的级联运放 ·······································································································（176） 

9.7  运放中的噪声分析 ·······················································································································（177） 

9.8  运算放大器的设计流程················································································································（179） 

第 10章  运算放大器的频率补偿 ······································································································（180） 

10.1  稳定相位裕度 ·····························································································································（180） 

10.2  频率补偿 ·····································································································································（182） 

10.2.1  单级高增益运放的频率补偿··························································································（182） 

10.2.2  CMOS多级运放的补偿 ·································································································（185） 

第 11章  开关电容电路·························································································································（195） 

11.1  概述 ·············································································································································（195） 

11.2  MOS模拟开关 ····························································································································（195） 

11.2.1  MOS开关的电阻 ············································································································（196） 

11.2.2  MOS管寄生电容的影响 ································································································（199） 

11.2.3  衬偏的调制与 kT/C噪声 ································································································（202） 

11.3  开关电容电路的工作原理及特点 ······························································································（203） 

11.3.1  电荷重分配原理··············································································································（203） 

11.3.2  开关电容电路的等效电阻······························································································（204） 

11.4  开关电容电路模块······················································································································（205） 

11.4.1  采样维持（S/H）电路 ···································································································（205） 

11.4.2  增益放大模块 ·················································································································（208） 

11.4.3  开关电容积分器··············································································································（210） 
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11.4.4  倍乘和单位延迟及积分/加法（或减法）电路 ·····························································（210） 

11.4.5  开关电容滤波器··············································································································（211） 

11.4.6  开关电容共模负反馈······································································································（212） 

11.5  开关电容电路中的非理想效应 ··································································································（213） 

11.5.1  开关的非理想效应··········································································································（213） 

11.5.2  电容的不精确 ·················································································································（214） 

11.5.3  非理想运算放大器的影响······························································································（214） 

11.5.4  开关电容电路中的噪声··································································································（214） 

第 12章  放大器的非线性失真···········································································································（217） 

12.1  概述 ·············································································································································（217） 

12.1.1  非线性的定义 ·················································································································（217） 

12.1.2  非线性的度量方法 ·········································································································（217） 

12.2  单级放大器的非线性··················································································································（218） 

12.2.1  由于管子特性引起的非线性··························································································（218） 

12.2.2  由放大器传输特性引起的非线性··················································································（218） 

12.3  差分电路的非线性······················································································································（218） 

12.4  电路中器件引起的非线性··········································································································（219） 
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第 1章  CMOS集成电路制造工艺 

从电路设计到芯片完成离不开集成电路的制造工艺，本章主要介绍硅衬底上的 CMOS

集成电路制造的工艺过程。有些 CMOS集成电路涉及到高压MOS器件（例如平板显示驱动

芯片、智能功率 CMOS 集成电路等），因此，高低压电路的兼容性就显得十分重要，在本章

最后将重点说明高低压兼容的 CMOS工艺流程。 

1.1  基本的制造工艺过程 

CMOS 集成电路的制造工艺是一个非常复杂而又精密的过程，它由若干单项制造工艺

组合而成，下面将分别简要介绍。 

1.1.1  衬底材料的制备 

任何集成电路的制造都离不开衬底材料——单晶硅。制备单晶硅有两种方法：悬浮区

熔法和直拉法。这两种方法制成的单晶硅具有不同的性质和不同的用途。 

1．悬浮区熔法 

悬浮区熔法是在 20 世纪 50 年代提出并很快被应用到晶体制备技术中。在悬浮区熔法

中，使圆柱形硅棒固定于垂直方向，用高频感应线圈在氩气中加热，使棒的底部与其下部相

邻的同轴固定的单晶籽晶间形成熔滴，则这两个棒朝相反方向旋转，并将在多晶棒与籽晶间

只靠表面张力形成的熔区沿棒长逐步向上移动，将其转换成单晶硅。 

悬浮区熔法制备的单晶硅氧含量和杂质含量很低，经过多次区熔提炼，可得到低氧高

阻的单晶硅。如果把这种单晶硅放入核反应堆，由中子演变掺杂法对这种单晶硅进行掺杂，

那么杂质将分布得非常均匀。用这种方法制备的单晶硅的电阻率非常高，特别适合制作电力

电子器件。目前悬浮区熔法制备的单晶硅仅占有很小的市场份额。 

2．直拉法 

随着超大规模集成电路的不断发展，不但要求单晶硅的尺寸不断增加，而且要求所有

的杂质浓度能得到精密控制，而悬浮区熔法无法满足这些要求，因此，直拉法制备的单晶硅

越来越多地被人们所采用。目前市场上的单晶硅绝大部分是采用直拉法制备得到的。 

拉晶过程：首先将预处理好的多晶硅装入炉内石英坩埚中，待抽真空或通入惰性气体

后进行熔硅处理。在熔硅阶段坩埚位置的调节很重要。开始时，坩埚位置很高，待下部多晶

硅熔化后，坩埚逐渐下降至正常拉晶位置。熔硅时间不宜过长，否则掺入熔融硅中的多晶硅

会挥发，而且坩埚容易被熔蚀。待熔硅稳定后即可拉制单晶硅。所用掺杂剂可在拉制前一次

性加入，也可在拉制过程中分批加入。拉制气氛由所要求的单晶硅性质及掺杂剂性质等因素

确定。拉晶时，籽晶轴以一定速度绕轴旋转，同时坩埚反方向旋转，大直径单晶硅的收颈是

为了抑制位错大量地从籽晶向颈部以下单晶延伸。收颈是靠增大提拉速度来实现的。在单晶

硅生长过程中应保持熔硅液面在温度场中的位置不变，因此，坩埚必须自动跟踪熔硅液面下

此为试读,需要完整PDF请访问: www.ertongbook.com
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降或上升。同时，拉晶速度也应自动调节以保持等直径生长。所有自动调节过程均由计算机

控制系统或电子系统自动完成。 

1.1.2  光刻 

光刻是集成电路制造过程中最复杂和最关键的工艺之一。光刻工艺利用光敏的抗蚀涂

层（光刻胶）发生光化学反应，结合刻蚀的方法把掩膜版图形复制到圆硅片上，为后序的掺

杂、薄膜等工艺做好准备。在芯片的制造过程中，会多次反复使用光刻工艺。现在，为了制

造电子器件要采用多达 24 次光刻和多于 250 次的单独工艺步骤，使得芯片生产时间长达一

个月之久。目前光刻已占到总的制造成本的 1/3以上，并且还在继续提高。 

光刻的主要工艺步骤包括：光刻胶涂敷、掩膜与曝光、光刻胶显影、刻蚀和胶剥离。

下面分别进行简要的介绍。 

1．光刻胶涂敷 

光刻胶是一种有机的光敏化合物。按照胶的极性可分为正性光刻胶和负性光刻胶。光

刻胶在曝光之后，被浸入显影溶液中。在显影过程中，正性光刻胶曝过光的区域溶解的速度

要快得多，在理想情况下，未曝光区域保持不变；负性光刻胶正好相反，在显影剂中未曝光

的区域将溶解，而曝光的区域被保留。正胶的分辨率往往较好，因此，在集成电路制造中应

用更为普及。 

在光刻胶涂敷前，硅片要进行热处理以去除湿气，并且经黏附增强剂处理，然后用光

刻胶溶液旋转涂敷。在一个高温的热板上，溶剂挥发掉，通过选择光刻胶的黏度和涂敷旋转

的速度，使光刻胶固化为十分均匀的薄膜，厚度为 1～2µm。 

2．掩膜与曝光 

掩膜版与圆片的对准至关重要，它将影响芯片的集成密度和电路的性能，因此，在现

代集成电路制造工艺中，采用了多种方法以保证掩膜版与圆片的对准。 

① 在多数步进机中，圆片并不直接对准掩膜，而是圆片和掩膜经过各自的光路，对准

于曝光系统的光学链上。如果这两个对准过程不是精确匹配的，就会发生对准误差。为了避

免这些系统误差，要周期性地进行基线校准处理。 

② 超出和缩进的消除。在接触式、接近式和扫描投影光刻机中，超出和缩进通常是由

于圆片在一系列的工艺过程中由温度引起的物理尺寸的变化而造成的。步进机以全局对准模

式可以减轻这个问题，应用良好的逐个位置对准方法甚至可以完全消除它。此外，该类型的

误差也容易由于掩膜温度的少量变化而产生。 

③ 掩膜材料的选择。由于石英具有较低的热膨胀系数（ 7105 −× /℃），常被选做制作掩

膜的材料。为了避免一整块 8 英寸掩膜产生大于 0.1µm 的膨胀，掩膜温度的变化需要控制

在 0.75℃。当大量光穿过掩膜时，这个条件并不容易达到。亚微米步进机应用先进曝光

系统控制掩膜温度，以尽量减少这个问题。此外对准记号的畸变也可能造成芯片旋转和对

不准。 

曝光的方法主要有光学曝光、离子束曝光、电子束曝光和 X射线曝光等。 

3．显影 

显影是把潜在的光刻胶图形转变为最后的三维立体图像。在这一过程中，最重要的参

数是曝光与未曝光区域之间的溶解率比例（DR）。商用正胶的 DR 有大于 1000 的，在曝光
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区域溶解速度为 3000nm/min，在未曝光区域仅为几 nm/min（暗刻蚀）。光刻胶的 DR 可在

显影时用反射率现场测量。 

4．刻蚀与胶剥离 

刻蚀包括湿法刻蚀和干法刻蚀，将在后面详细讨论。完成了上面所有的工艺过程后，最

后，除了高温稳定的光刻胶，例如光敏聚酰亚胺，可以作为中间介质或缓冲涂敷而保留在器件

上外，要把所有的光刻胶剥离。为避免对被处理表面的损伤，应采用在低温下温和的化学方法。 

随着所需的特征尺寸的继续减小，光学光刻变得越来越困难。但目前随着光学光刻的不

断改善和向更短波长的发展，光学光刻可具有分辨率小于 0.1µm特征尺寸的能力。 

1.1.3  刻蚀 

刻蚀工艺主要包括湿法刻蚀和干法刻蚀两种。 

1．湿法刻蚀 

湿法刻蚀是将刻蚀材料浸泡在腐蚀液内进行腐蚀的技术。它是一种纯化学刻蚀，具有

优良的选择性，它刻蚀完当前薄膜就会停止，而不会损坏下面一层其他材料的薄膜。在硅片

表面清洗及图形转换中，湿法刻蚀一直沿用至 20世纪 70年代中期，即一直到特征尺寸开始

接近膜厚时。因为所有的半导体湿法刻蚀都具有各向同性，所以无论是氧化层还是金属层的

刻蚀，横向刻蚀的宽度都接近于垂直刻蚀的深度。此外，湿法刻蚀还受更换槽内腐蚀液而必

须停机的影响。 

目前，湿法工艺一般被用于工艺流程前面的硅片准备阶段和清洗阶段。而在图形转换

中，干法刻蚀已占据主导地位。 

2．干法刻蚀 

干法刻蚀是用等离子体进行薄膜刻蚀的技术。它是硅片表面物理和化学两种过程平衡

的结果。在半导体刻蚀工艺中，存在着两个极端：离子铣是一种纯物理刻蚀，可以做到各向

异性刻蚀，但不能进行选择性刻蚀；而湿法刻蚀如前面所述则恰恰相反。人们对这两种极端

过程进行折中，得到目前广泛应用的一些干法刻蚀技术。例如：反应离子刻蚀（RIE）和高

密度等离子体刻蚀（HDP）。这些工艺都具有各向异性刻蚀和选择性刻蚀的特点。 

3．剥离技术 

图形转换过程的另一种工艺技术是剥离技术。这个工艺技术的优点在于可以处理离子

轰击难以刻蚀的材料，并且可以避免对衬底和薄膜的损伤。 

剥离技术的工艺流程如图 1.1 所示。首先涂光刻胶并形成所设计的图案，再使用蒸发技

术淀积一层金属薄膜，蒸发的一个特点是对高纵横比的图形覆盖性差。如果光刻胶显影后 

 

图 1.1  剥离技术的工艺流程 
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得到一个凹的刨面，则金属条便会断线。接下来硅片浸到能溶解光刻胶的溶液中，直接淀积

在硅片上的金属线将被保留，而淀积在光刻胶上的金属线将从硅片上脱离。 

剥离技术的不足之处是，剥离掉的金属会影响到芯片的合格率。 

1.1.4  掺杂、扩散 

制造所有的半导体器件都必须采用掺杂工艺，通过掺杂可以在硅衬底上形成不同类型

的半导体区域，构成各种器件结构，比如 MOS 管的源、漏区的形成等。为了保证器件能按

设计要求正常工作，掺杂的区域的浓度与尺寸必须符合设计要求，而这些工作都是由掺杂工

艺实现的。在半导体制造中主要的掺杂方法是热扩散掺杂和离子注入掺杂。 

1．热扩散掺杂 

热扩散掺杂是指利用分子在高温下的扩散运动，使杂质原子从浓度很高的杂质源向体

硅中扩散并形成一定的分布。 

热扩散通常分两个步骤进行：预淀积和再分布。预淀积是指在高温下，利用杂质源，

如硼源、磷源等，对硅片上的掺杂窗口进行扩散，在窗口处形成一层较薄但具有较高浓度的

杂质层。这是一种恒定表面源的扩散过程。再分布是限定表面源的扩散过程，是利用预淀积

所形成的表面杂质层做杂质源，在高温下将这层杂质向体硅内扩散的过程，通常再分布的时

间较长，通过再分布，可以在硅衬底上形成一定的杂质分布和结深。 

但是热扩散掺杂工艺具有一个很明显的缺点就是不能精确控制杂质的浓度，从而所生

产出来的电路会与所设计的电路有一定的差别。 

2．离子注入掺杂 

随着半导体尺寸的缩小，精度的控制要求越来越严格，大多数工艺已经采用全离子注

入工艺来替代热扩散掺杂以获得精确的浓度。 

离子注入是通过高能量的离子束轰击硅片表面，在掺杂窗口处，杂质离子被注入到体

硅内，而在其他不需掺杂的区域中，杂质离子被硅表面的保护层屏蔽，从而完成选择性掺

杂。在离子注入过程中，电离的杂质离子经静电场加速打到硅片表面，通过测量离子电流可

严格控制注入剂量。注入工艺所用的剂量范围很大，可以从轻掺杂的 211cm10 − 到诸如源极、

发射极、埋层集电极等低电阻区所用的 216 cm10 − 。某些特殊的应用要求剂量大于 218 cm10 − 。

另一方面，通过控制静电场可以控制杂质离子的穿透深度，典型的离子能量范围为 5～

200keV。 

通常离子注入的深度较浅且浓度较大，必须进行退火和再分布工艺。由于离子进入硅

晶体后，会给晶格带来大范围的损伤，为了恢复这些晶格损伤，在离子注入后要进行退火处

理，根据注入的杂质数量不同，退火温度一般在 450～950℃之间。在退火的同时，杂质在

硅体内进行再分布，如果需要还可以进行后续的高温处理以获得所需的结深。 

1.1.5  化学气相淀积 

在半导体制造工艺中，薄膜淀积工艺是非常重要的工艺，可分为物理淀积和化学淀积

两类。 

化学气相淀积（CVD）是一种常用的化学淀积工艺，是一个从气相向衬底沉积薄膜的

过程。该工艺通过化学反应的方式，在反应室内将反应的固态生成物淀积到硅片表面，形成
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所需要的薄膜。CVD 具有非常好的台阶覆盖能力，并且对衬底的损伤很小，因此在集成电

路制造中的地位越来越重要。 

下面介绍几种工艺上常用的化学气相淀积方法。 

1．常压介质 CVD 

常压化学气相淀积（APCVD）是指在大气压下进行的一种化学气相淀积的方法，这是

化学气相淀积最初所采用的方法。这种工艺所需的系统简单，反应速度快，并且其淀积速率

可超过 1000Å/min，特别适于介质淀积，但是它的缺点是均匀性较差，所以，APCVD 一般
用在厚的介质淀积。 

2．低压 CVD 

随着半导体工艺特征尺寸的减小，对薄膜的均匀性要求及膜厚的误差要求不断提高，

出现了低压化学气相淀积（LPCVD）。低压化学气相淀积是指系统工作在较低的压强下的一
种化学气相淀积的方法。LPCVD 技术不仅用于制备硅外延层，还广泛用于各种无定形钝化
膜及多晶硅薄膜的淀积，是一种重要的薄膜淀积技术。 

3．等离子体增强 CVD 

等离子体增强化学气相淀积（PECVD）是指采用高频等离子体驱动的一种气相淀积技
术，是一种射频辉光放电的物理过程和化学反应相结合的技术。该气相淀积的方法可以在非

常低的衬底温度下淀积薄膜，例如在铝（Al）上淀积 SiO2。工艺上等离子体增强化学气相

淀积主要用于淀积绝缘层。 
4．金属 CVD 

金属化学气相淀积是一个全新的气相淀积的方法，利用化学气相淀积的台阶覆盖能力好的

优点，可以实现高密度互联的制作。金属进入接触孔时台阶覆盖是人们最关心的问题之一，尤

其是对深亚微米器件，溅射淀积金属薄膜对不断增加的高纵横比结构的台阶覆盖变得越来越困

难。在旧的工艺中，为了保证金属覆盖在接触孔上，刻蚀工艺期间必须小心地将侧壁刻成斜坡，

这样金属布线时出现“钉头”（见图 1.2）。“钉头”将显著降低布线密度。如果用金属 CVD，就
可以避免“钉头”的出现，从而布线密度得到提高。钨是当前最流行的金属CVD材料。 

 

图 1.2  使用“钉头”接触与填塞接触比较 

1.2  双阱 CMOS工艺的主要流程 

随着 CMOS集成电路制造工艺的不断发展，工艺线宽越来越小，现在 0.18µm已经成为
超大规模集成电路制造的主流工艺线，0.09µm 甚至更小线宽的工艺线在部分实验室也已经
开始用于制备超大规模集成电路。对于不同线宽的流水线，一个标准的 CMOS 工艺过程虽
然略有差别，但主要的过程基本相同，都包括第 1.1 节介绍的工艺过程。下面以光刻掩膜版
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为基准描述一个双阱硅栅双铝 CMOS 集成电路的工艺过程的主要步骤，用以说明如何在

CMOS工艺线上制造 CMOS集成电路。 

图 1.3（1）～（13）所示的即为双阱单多晶、双铝 CMOS 工艺的主要流程。下面对双

阱 CMOS工艺的主要步骤进行较详细的说明。 
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