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Introduction

Gallium nitride (GaN) transistors have switching 

performance advantages over silicon MOSFETs 

given their lower terminal capacitances for the same 

on-resistance and lack of a body diode with reverse-

recovery loss. Because of these features, GaN FETs 

can switch at higher frequencies, improving power 

density and transient performance while maintaining 

reasonable switching losses.

GaN devices are traditionally packaged as a discrete 

device and driven with a separate driver, because 

GaN devices and drivers are based on different 

process technologies and may come from different 

manufacturers. Each package will have bond wires 

and/or leads that introduce parasitic inductance, as 

shown in Figure 1a. When switching at high slew 

rates of tens to hundreds of volts per nanosecond, 

these parasitic inductances can cause switching 

loss, ringing and reliability issues.

Integrating the GaN transistor with its driver  

(Figure 1b) eliminates common-source inductance 

and significantly reduces the inductance between 

the driver output and GaN gate, as well as the 

inductance in driver grounding. In this paper, we 

Integrating GaN FETs with their drivers improves switching 
performance and simplifies GaN-based power-stage designs. 

Gallium nitride (GaN) transistors can switch much faster than silicon MOSFETs, thus having the 
potential to achieve lower switching losses. At high slew rates, however, certain package types 
can limit GaN FET switching performance. Integrating the GaN FET and driver in the same 
package reduces parasitic inductances and optimizes switching performance. Integrating the 
driver also enables the implementation of protection features.
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Figure 1. A GaN device driven by a driver in a separate package (a); and an integrated GaN/driver package (b).
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将 GaN FET 与它们的驱动器集成在一起可以改进开关性能，并且简化基于

GaN 的功率级设计。

氮化镓 (GaN) 晶体管的开关速度比硅 MOSFET 快很多，从而有可能实现更低的开关损耗。

然而，当压摆率很高时，特定的封装类型会限制 GaN FET 的开关性能。将 GaN FET 与驱动

器集成在一个封装内可以减少寄生电感，并且优化开关性能。集成驱动器还可以实现保护

功能。

简介

氮化镓 (GaN) 晶体管的开关性能要优于硅

MOSFET，因为在同等导通电阻的情况下，

氮化镓 (GaN) 晶体管的终端电容较低，并避

免了体二极管所导致的反向恢复损耗。正

是由于这些特性，GaN FET 可以实现更高的

开关频率，从而在保持合理开关损耗的同

时，提升功率密度和瞬态性能。

传统上，GaN 器件被封装为分立式器件，并

由单独的驱动器驱动，这是因为 GaN 器件

和驱动器基于不同的处理技术，并且可能

来自不同的厂商。每个封装将会有引入寄

生电感的焊线和引线，如图 1a 所示。当以

每纳秒数十到几百伏电压的高压摆率进行

切换时，这些寄生电感会导致开关损耗、

振铃和可靠性问题。

将 GaN 晶体管与其驱动器集成在一起（图

1b）可以消除共源电感，并且极大降低驱

动器输出与 GaN 栅极之间的电感，以及驱

动器接地中的电感。在这篇文章中，我们

图 1. 由独立封装内的驱动器驱动的 GaN 器件 (a)；一个集成 GaN/ 驱动器封装 (b)。
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will investigate issues and limitations caused by 

package parasitics. Optimizing these parasitics in 

an integrated package reduces parasitic issues and 

enables excellent switching performance at slew 

rates higher than 100 V/ns.

Simulation setup

To simulate the effects of parasitic inductances,  

we used a depletion-mode GaN half-bridge power 

stage in a direct-drive configuration (Figure 2). We 

set up the half bridge as a buck converter, with a 

bus voltage of 480 V, a 50 percent duty cycle with 

50 ns of dead time (output voltage [VOUT] = 240 V) 

and an inductor current of 8 A. The GaN gate   

is directly driven between the on and off voltage 

levels.   A resistive drive sets the turn-on slew rate 

of the GaN device. A current source emulates an 

inductive load attached to the switch (SW) node   

in a continuous-conduction-mode buck converter.

Common-source inductance

One of the most important parasitic elements 

in high-speed switching is the common-source 

inductance (Lcs in Figure 1a), which limits the slew 

rate of the device’s drain current. In a conventional 

TO-220 package, the GaN source is brought out 

through bond wires to a single lead, where both the 

drain current and gate current flow. This common-

source inductance modulates the gate-source 

voltage as the drain current changes. The common 

source inductance – including bond wire and 

package lead – can be higher than 10 nH, limiting 

the slew rate (di/dt) and increasing switching losses.

With the integrated package shown in Figure 1b, 

the driver ground is wire-bonded directly to the 

source pad of the GaN die. This Kelvin source 

connection minimizes the common-source inductive 

path shared between the power loop and gate loop, 

allowing the device to switch at much higher current 

slew rates. A Kelvin source pin can be added to a 

discrete package; however, the additional pin makes 

it a nonstandard power package. The Kelvin-source 

pin also must be routed on the printed circuit board 

(PCB) back to the driver package, increasing gate-

loop inductance.

Figure 3 shows hard-switching waveforms when 

a high-side switch turns on. With a 5-nH common-

source inductance, the slew rate is cut in half due 

to the source degeneration effect. A lower slew 

rate translates to a longer transition time and leads 

  

  

+
-  ~50% duty cycle

Low side

High side

SW

I = 8A

HV = 480V

Figure 2.  Simplified diagram of the half-bridge circuit  
for simulations.

Figure 3.  High-side turn on with different common-source 
inductance: red = 0 nH, green = 1 nH, blue = 5 nH. E_HS is 
the integration of VDS and IDS of the high-side device over time 
(energy consumption).

将研究由封装寄生效应所引发的问题和限

制。在一个集成封装内对这些寄生效应进

行优化可以减少该问题，并且以高于 100V/

ns 的高压摆率实现出色的开关性能。

仿真设置

为了仿真寄生电感效应，我们使用了一个

采用直接驱动配置的空乏型 GaN 半桥功率

级（图 2）。我们将半桥设置为一个降压

转换器，总线电压 480V，死区时间 50ns 时

50% 占空比（输出电压 [VOUT] = 240V），以

及一个 8A 的电感器电流。这个 GaN 栅极

在开关电压电平间被直接驱动。一个阻性

驱动设定 GaN 器件的接通压摆率。一个电

流源只会仿真一个与连续传导模式降压转

换器内开关 (SW) 节点所连接的电感负载。

共源电感

高速开关中最重要的一个寄生要素是共源

电感（图 1a 中的 Lcs），它限制了器件汲

取电流的压摆率。在传统的 TO-220 封装中，

GaN 源由焊线流至引线，而汲取电流与栅

极电流都从这里流过。这个共源电感在汲

取电流改变时调制栅源电压。共源电感会

高于 10nH（其中包括焊线和封装引线），

从而限制了压摆率 (di/dt)，并增加开关损耗。

借助图 1b 中所示的集成式封装，驱动器

接地直接焊接至 GaN 裸片的源焊垫。这

个 Kelvin 源连接最大限度地缩短了电源环

路与栅极环路共用的共源电感路径，从而

使得器件能够以高很多的电流压摆率来开

关。可以将一个 Kelvin 源引脚添加到一个

分立式封装内；然而，这个额外的引脚会

使其成为一个不标准的电源封装。Kelvin
源引脚还必须从印刷电路板 (PCB) 引回至驱

动器封装，从而增加了栅极环路电感。

图 3 显示的是高管开关接通时的硬开关波

形。在共源电感为 5nH时，由于源降级效应，

压摆率减半。一个更低的压摆率会带来更

长的转换时间，导致更高的交叉传导损耗，

如能耗曲线图中所示。在共源电感为 5nH

图 2. 用于仿真的半桥电路的简化图

图 3. 不同共源电感情况下的高管接通：红

色 = 0nH，绿色 = 1nH，蓝色 = 5nH。E_HS 是

高管器件的 VDS 和 IDS 在运行时间内的积

分值（能耗）。
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to higher cross-conduction losses, as seen in the 

energy consumption plots. With a 5-nH common-

source inductance, the energy loss increases from 

53 µJ to 85 µJ, a 60 percent increase. Assuming 

a 100-kHz switching frequency, the power loss 

increases from 5.3 W to 8.5 W.

Gate-loop inductance

Gate-loop inductance includes both gate 

inductance and driver ground inductance.  

The gate inductance is the inductance between 

the driver output and GaN gate. With separate 

packages, gate inductance includes the driver 

output bond wire (Ldrv_out), the GaN gate bond 

wire (Lg_gan) and the PCB trace (Lg_pcb), as 

illustrated in Figure 1a.

Depending on package size, gate inductance can 

range from a few nanohenries (nH) for a compact 

surface-mount package (for example, a quad flat 

no-lead) to more than 10 nH for a leaded power 

package (for example, the TO-220). If the driver 

is integrated with the GaN FET on the same lead 

frame (Figure 1b), the GaN gate is directly bonded 

to the driver output, which can reduce the gate 

inductance to less than 1 nH. Package integration 

also can significantly reduce driver ground 

inductance (from Ldrv_gnd + Ls_pcb in Figure 1a  

to Lks in Figure 1b).

The reduction of gate-loop inductance has a great 

impact on switching performance, especially during 

turn off when the GaN gate is pulled down with a 

resistor. The resistor needs to be low enough so 

that the device does not turn back on when its drain 

is pulled high during switching. This resistor forms 

an inductor-resistor-capacitor (L-R-C) tank with the 

gate-source capacitance of the GaN device and the 

gate-loop inductance. Equation 1 expresses the   

Q factor as:   

With a larger gate-loop inductance, the Q factor 

increases and ringing becomes higher. This effect 

is simulated with a 1-Ω pull down to turn off the 

low-side GaN FET, which appears around 9.97 µs 

in Figure 4 where the gate-loop inductance is varied 

from 2 nH to 10 nH. In the 10-nH case, the  

low-side VGS rings 12 V below the negative gate 

bias. This significantly increases the stress on the 

GaN transistor gate. Note that overstressing the 

gate of any FET increases reliability concerns.

Gate-loop inductance also has a significant impact 

on hold-off capability. When the gate of the low- 

side device is held at the turn-off voltage, and the 

high-side device is switched on, the low-side  

drain-gate capacitance sources a large current    

into the gate’s hold-off loop. This current pushes  

the gate up through the gate-loop inductance.  

Figure 4 illustrates this event at around 10.02 µs.  

As inductance increases, the low-side VGS is 

pushed higher increasing the shoot-through current, 

which is visible from the high-side drain current 

plots (ID_HS). The shoot-through causes the cross-

conduction energy loss (E_HS) to increase from  

53 µJ to 67 µJ.

=Q 1
R

L
C

Figure 4.  Low-side turn-off and high-side turn-on waveform 
at different gate-loop inductances: red = 2 nH, green = 4 nH, 
blue = 10 nH. E_HS is the high-side energy consumption.

(1)

时，能量损耗从 53μJ 增加至 85μJ，增

加了 60%。假定开关频率为 100kHz，功率

损耗则会从从 5.3W 增加至 8.5W。

栅极环路电感

栅极环路电感包括栅极电感和驱动器接地

电感。栅极电感是驱动器输出与 GaN 栅极

之间的电感。在使用独立封装时，栅极电

感包括驱动器输出焊线 (Ldrv_out)、GaN 栅

极焊线 (Lg_gan) 和 PCB 迹线 (Lg_pcb)，如图

1a 中所示。

基于不同的封装尺寸，栅极电感会从紧凑

型表面贴装封装（例如，四方扁平无引线

封装）的几纳亨到有引线功率封装（例如

TO-220）的 10nH 以上。如果驱动器与 GaN 

FET 集成在同一个引线框架内（图 1b），

GaN 栅极直接焊接到驱动器输出上，这样

可以将栅极电感减少至 1nH 以下。封装集

成还可以极大地降低驱动器接地电感（从

图 1a 中的 Ldrv_gnd + Ls_pcb 到图 1b 中的

Lks）。

降低栅极环路电感对于开关性能有着巨大

影响，特别是在关闭期间，GaN 栅极被一

个电阻器下拉。这个电阻器的电阻值需要

足够低，这样的话，器件才不会在开关期

间由于漏极被拉高而又重新接通。这个电

阻器与 GaN 器件的栅源电容和栅极环路

电感组成了一个电感器 - 电阻器 - 电容器 

(L-R-C) 槽路。方程式 1 中的 Q 品质因数表

示为：

在栅极环路电感值更大时，Q 品质因数增

加，振铃变得更高。这个效应用一个 1Ω
下拉电阻关闭低管 GaN FET 进行仿真，图 4
中这个效应的出现时间为 9.97μs，其中栅

极环路电感变化范围介于 2nH到 10nH之间。

在 10nH 的情况下，低管 VGS 在负栅极偏

置以下产生 12V 振铃。这就极大地增加了

GaN 晶体管栅极的应力。需要注意的一点

是，任何 FET 的栅极上的过应力都会对可

靠性产生负面影响。

栅极环路电感还会对关断保持能力产生巨

大影响。当低管器件的栅极保持在关闭电

压时，并且高管器件接通，低管漏极电容

将一个大电流传送到栅极的保持环路中。

这电流通过栅极环路电感将栅极推上去。

图 4 在大约 10.02µs 时的曲线变化便是说

明了这一点。随着电感增加，低管 VGS 被

推得更高，从而增加了直通电流，这一点

在高管漏电流曲线图中可见 (ID_HS)。这个

直通电流使得交叉传导能量损耗 (E_HS) 从

53µJ 增加至 67µJ。

图 4. 不同栅极环路电感下的低管关闭和高

管接通波形：红色 = 2nH，绿色 = 4nH，蓝色 
= 10nH。E_HS 是高管能耗。
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One way to mitigate gate stress is to increase the 

pull-down resistance which in turn reduces the Q 

factor of the L-R-C tank, according to Equation (1). 

Figure 5 shows simulations with a 10-nH gate-loop 

inductance and pull-down resistance (Rpd) swept 

from 1 Ω to 3 Ω. Although the gate undershoot is 

limited to within a few volts below the negative bias 

with a 3-Ω pull down, hold-off capability becomes 

worse, causing larger shoot-through current.  

This is evident in the drain current plots.

The E_HS energy plots show an additional 13-µJ 

loss in each switching cycle, an almost 60 percent 

increase from 53 µJ compared to a 2-nH gate-loop 

inductance and 1-Ω pull down (Figure 4).

Assuming a 100-kHz switching frequency, the 

power loss on the high-side device increases from 

5.3 W to 8 W due to shoot-through caused by 

both high gate-loop inductance and high pull-down 

resistance. This additional power loss can make it 

very difficult to manage heat dissipation in the power 

devices and increases packaging and cooling costs.

It is possible to bias the gate to a more negative 

voltage to mitigate shoot-through, but that increases 

both the stress on gate, as well as dead-time loss 

when the device is in the third quadrant. Therefore, 

with high gate-loop inductance, the tradeoff 

between gate stress and device hold-off capability 

becomes difficult to manage. You would either have 

to increase gate stress or let the half-bridge shoot 

through, which increases cross-conduction loss and 

power-loop ringing and can cause safe operating 

area (SOA) issues. An integrated GaN/driver 

package provides low gate-loop inductance and 

minimizes both gate stress and shoot-though risks.

GaN device protections

Having the driver mounted on the same lead frame 

as the GaN transistor ensures their temperatures 

are close, since the lead frame is an excellent heat 

conductor. Thermal sensing and overtemperature 

protection can be built within the driver that shuts 

the GaN FET down when the sensed temperature 

goes beyond the protection limit.

A series MOSFET or a parallel GaN sense FET can 

be used to implement overcurrent protection. Both 

require low-inductance connections between the 

GaN device and its driver. Since GaN is usually 

switched very fast with large di/dt, extra inductance 

in the interconnection can cause ringing and 

requires a long blanking time to keep the current 

protection from misfiring. Integrating the driver 

ensures minimal inductive connections between the 

sensing circuit and the GaN FET so that the current-

protection circuit can react as fast as possible to 

protect the device from overcurrent stress.

Figure 5.  Simulation with 10-nH gate-loop inductance and 
pull-down resistance: Rpd = 1 Ω (red), 2 Ω (green) and 3 Ω 
(blue). E_HS is the high-side energy consumption.                

根据方程式 (1)，减轻栅极应力的一个方法

就是增加下拉电阻值，反过来减少 L-R-C

槽路的 Q 品质因数。图 5 显示的是用一个

10nH 栅极环路电感和在 1Ω 到 3Ω 之间变

化的下拉电阻 (Rpd) 进行的仿真结果。虽然

栅极下冲被一个 3Ω 下拉电阻限制在负偏

置电压以下的数伏特内，但是关断保持能

力恶化，从而导致更大的直通电流。这一

点在漏电流曲线图中很明显。

E_HS 能量曲线图显示出，在每个开关周期

内有额外的 13µJ 损耗，与 2nH 的栅极环路

电感和 1Ω 下拉电阻时 53µJ 相比，差不多

增加了 60%（图 4）。

假定开关频率为 100kHz，高管器件上的功

率损耗从 5.3W 增加至 8W，其原因是由高

栅极环路电感和高下拉电阻值所导致的直

通。这个额外的功率损耗会使得功率器件

内的散热变得十分难以管理，并且会增加

封装和冷却成本。

为了减轻直通电流，可以将栅极偏置为更

大的负电压，不过这样做会增加栅极上的

应力，并且会在器件处于第三象限时增大

死区时间损耗。因此，在栅极环路电感比

较高时，栅极应力与器件关断保持能力之

间的均衡和取舍很难管理。你必须增加栅

极应力，或者允许半桥直通，这会增加交

叉传导损耗和电流环路振铃，并且会导致

安全工作区 (SOA) 问题。一个集成式 GaN/
驱动器封装提供低栅极环路电感，并且最

大限度地降低栅极应力和直通风险。

GaN 器件保护

将驱动器与 GaN 晶体管安装在同一个引线

框架内可以确保它们的温度比较接近，这

是因为引线框架的导热性能极佳。热感测

和过热保护可以置于驱动器内部，使得当

感测到的温度超过保护限值时，GaN FET 将

关闭。

一个串联 MOSFET 或一个并联 GaN 感测 FET
可以被用来执行过流保护。它们都需要

GaN器件与其驱动器之间具有低电感连接。

由于 GaN 通常以较大的 di/dt 进行极快的开

关，互联线路中的额外电感会导致振铃，

并且需要较长的消隐时间来防止电流保护

失效。集成驱动器确保了感测电路与 GaN 

FET 之间尽可能少的电感连接，这样的话，

电流保护电路可以尽可能快的做出反应，

以保护器件不受过流应力的影响。

图 5. 使用 10nH 栅极环路电感和下拉电阻

时的仿真结果：Rpd = 1Ω（红色）、2Ω（绿

色）和 3Ω（蓝色）。E_HS 是高管能耗。



Bench-switching waveform

Figure 6 is the switching wave of a half-bridge 

created with two GaN devices in 8-mm-by-8-mm 

quad flat no-lead (QFN) packages with an integrated 

driver. Channel 2 shows the SW-node when the 

high-side device is hard-switched at a slew rate of 

120 V/ns at a bus voltage of 480 V. The optimized 

driver-integrated package and PCB limits the 

overshoot to under 50V. Note the waveform was 

captured with a 1-GHz scope and probes.

Conclusion

The package integration of a GaN transistor with its 

driver eliminates common-source inductance, thus 

enabling high current-slew-rates. It also reduces 

gate-loop inductance to minimize gate stress during 

turn off and improves the device’s hold-off capability. 

Integration further allows designers to build effective 

thermal- and current-protection circuits for GaN FETs.
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Figure 6.  SW-node waveform of high-side turn on in a  
half-bridge buck (channel 2).

实测开关波形

图 6 是一个半桥的开关波形；

这个半桥包含 2 个集成式驱动器的 GaN 器

件，采用 8mm x 8mm 四方扁平无引线 (QFN) 

封装。通道 2 显示 SW 节点，此时高管器

件在总线电压为 480V 的情况下，以 120V/

ns 的压摆率被硬开关。这个经优化的驱动

器集成式封装和 PCB 将过冲限制在 50V 以

下。需要说明的一点是，捕捉波形时使用

的是 1GHz 示波器和探头。

结论

GaN 晶体管与其驱动器的封装集成消除了

共源电感，从而实现了高电流压摆率。它

还减少了栅极环路电感，以尽可能地降低

关闭过程中的栅极应力，并且提升器件的

关断保持能力。集成也使得设计人员能够

为 GaN FET 搭建高效的过热和电流保护电

路。

更多信息

• 在 www.ti.com/gan 内寻找与 GaN 相关的

更多信息。

• Michael Seeman 和 Dave Freeman。用 GaN

的广阔应用前景推进电源解决方案，德

州仪器 (TI) 白皮书，2015 年 2 月

• Sandeep R.Bahl. 评价 GaN 产品可靠性的

一个综合方法，德州仪器 (TI) 白皮书，

2015 年 3 月

• 下载这款免费的软件工具：TINA-TI。

• Narendra Mehta，GaN FET 相对于硅材料

的性能优势，德州仪器 (TI) 白皮书，

2015 年 3 月

• Zhong Ye，基于 GaN FET 的 CCM 图腾柱无

桥 PFC，德州仪器 (TI) 电源设计研讨会，

2014 年

图 6. 一个半桥降压转换器（通道 2）中的

高管接通时的 SW 节点波形。
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